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The merit of micromechanical resonators is that miniaturization of the dimensions 
enhances the sensitivity of these sensors. However, the emerging demands on sensors 
for gas, virus, and biomolecule detection, for example, require much higher sensitivity 
of ultrasmall particles. Due to the limitations in fabrication and other practical issues, 
current microelectromechanical transducers based on conventional materials have 
nearly reached their sensitivity limits. 
Since the discovery in 1991, the extraordinary mechanical and electrical properties have 
made carbon nanotubes (CNTs) ideal components of nanodevices for the purpose of 
emerging ultrasensitive applications. Synthesis of catalytic CVD grown multiwalled 
carbon nanotubes (MWNTs) and fabrication of CNT sensors are described first in this 
thesis. The feasibility and capability of using catalytic CVD grown MWNTs as 
ultrasensitive mass sensor which exhibit attogram mass sensitivity are investigated and 
evaluated. This attogram-sensing capability enables CNT resonator’s potentially 
versatile utilization in various emerging fields and CNT resonator the promising 
candidate for novel sensing applications to meet the ever-increasingly high-performance 
requirement. 
 








Nanoelectromechanical systems (NEMS), the counterpart of microelectromechanical 
systems (MEMS) at nanoscale, are nano-to-micrometer scale mechanical resonators 
coupled to electronic devices of similar dimensions [1]  , [2]  , [3]  , which show great 
potential for promising novel applications and for deepening our understanding of how 
classical dynamics arises by approximation to quantum dynamics. Sensors, which are 
making significant impact in everyday life with applications ranging from biomedical to 
automotive industry, are devices that detect or measure physical and chemical quantities 
such as temperature, pressure, force, and particles mass. The main requirements of a 
good sensor are high sensitivity, fast response, and high reliability. This has led to 
intensive research activities across the world in developing new sensing materials and 
technologies to meet the ever-increasing demands on ultrasensitive, fast and reliable 
sensing.  
With the advent of nanotechnology, research is underway to create miniaturized sensors 
which can lead to reduced weight, lower power consumption, and lower cost. The 
discovery of carbon nanotubes (CNTs) has generated keen interest among researchers to 
develop CNTs based sensors for many applications. The application of CNTs in next-
generation of sensors has the potential of revolutionizing the sensor industry due to their 
inherently superior properties such as small size, high strength, excellent thermal and 
electrical conductivity, and large specific surface area [4]  , [5]  . 




CNTs are hexagonal networks of carbon atoms of approximately several nanometers in 
diameter and one to tens of microns in length, which can essentially be thought of as a 
layer of graphene rolled-up into a cylinder [5]  . Depending on the arrangement of their 
graphene cylinders, there are two types of nanotubes: single walled nanotubes (SWNTs) 
and multiwalled nanotubes (MWNTs). SWNTs have only one single layer of graphene 
cylinders; while MWNTs posses many layers.  
With the high frequencies and small inertial masses of the nanomechanical resonators 
based on CNTs, together with the ultrasensitive mechanical displacement detection 
capabilities of the coupled electronic devices, CNTs based NEMS show great promise 
for metrology and various sensing applications. 
 
1.2 Motivation of the Project 
 
The emerging demands on miniaturized, fast and ultrasensitive sensors for gas, virus, 
and charge detection, for example, require much higher mass sensitivity of ultrasmall 
particles and have made current microelectromechanical transducers based on 
conventional materials nearly reach their sensitivity limits due to the limitations in 
fabrication and other practical issues. CNTs have shown the potential as the most viable 
candidate to produce NEMS devices of nanometer scale. In order to understand the 
properties of CNTs and hence the CNTs based systems better, it is ideal to study the 
CNTs and the progression of properties of CNTs synthesized under various conditions. 
The conventional top-down approach is not suitable for investigating CNTs based 
systems due to their ultrasmall sizes and the limitations in fabrication process. 




Therefore it is natural to study and investigate synthesis and characterization of CNTs 
and CNTs based NEMS through the bottom-up approach. Moreover there is also a need 
to explore the methods in which the inspection and characterization tools available can 
be utilized for these nano-dimensioned devices and structures like CNTs. 
 
1.3 Project Objectives 
 
This project is aimed to investigate the capability and feasibility of using catalytic CVD 
grown MWNTs as ultrasensitive mass sensor which exhibit attogram mass sensitivity. 
Basically, this project consists of the following three major parts: 
 
● Synthesis and catalytic CVD growth of MWNTs 
 CNTs are synthesized through catalytic CVD process. The catalytic growth in 
combination with the CVD is the simplest way to generate a relatively large amount of 
CNTs. Through the plasma enhanced CVD (PECVD) method, well-aligned and ordered 
CNT structures have also been synthesized in a controlled process on patterned planar 
surfaces. Growing CNT directly on tungsten wire substrate gives rise to satisfactory 
electrical contact, which facilitates the subsequent electrical characterization work. 
Various growth parameters influencing the quality and morphology of the CNTs grown 
are also investigated to determine the optimal synthesis conditions. 
 




● Fabrication, actuation and detection of CNT resonator 
Due to the extremely small sizes, it is difficult to realize a CNT based resonator with 
conventional fabrication, actuation and detection methods. SEM and TEM enable the 
capability in electrical actuation and in situ harmonic detection of electrically induced 
mechanical resonance of single MWNT cantilever. Due to the incapacity in detecting 
and investigating the ultralow level output signals electrically, in situ investigation of 
performance of cantilevered CNT resonator prototype under DC and AC bias in SEM 
needs to be conducted. 
 
● Characterization of CNT resonator 
The capability and feasibility of using catalytic CVD grown MWNTs as ultrasensitive 
mass sensor which exhibit attogram mass sensitivity are investigated and evaluated by 
characterizing the CNT resonator. This attogram-sensing capability enables CNT 
resonator’s potentially versatile utilizations in various emerging fields such as 
biomolecule, virus and gas detection. 
 
1.4 Thesis outline 
 
This thesis consists of six chapters. Following this introduction chapter is a literature 
survey which provides a basic introduction to NEMS, CNTs’ properties and synthesis 
methods of CNTs. Previous work done on CNTs resonators and the basics of 




characterization facilities used are also addressed and discussed at the end of this 
chapter. Chapter 3 investigates the catalytic CVD growth process for synthesizing 
MWNTs. Growth parameters influencing synthesis results of the CNTs are investigated 
and the optimal synthesis condition is determined in this chapter. Chapter 4 describes 
the fabrication of CNTs based resonators in both cantilever and doubly-clamped 
configurations and the method for electrical actuation and in situ harmonic detection of 
electrically induced mechanical resonance of single MWNT cantilever. Details of the 
experimental setup, techniques for device fabrication, actuation and detection, and the 
experimental results for characterizing the CNT resonator system are also investigated 
in this chapter. In chapter 5, a quantitative model for describing the specific actuation 
method and theoretical output signal of the CNT resonator motion is presented first. 
Important parameters which describe and characterize CNT resonator are calculated 
using the hollow tube model and compared with both the theoretically values predicted 
and experimental results reported. The capability and feasibility of CNT resonator 
acting as ultra-sensitive mass sensor is examined and discussed in details afterwards. 
Chapter 6 concludes this thesis and provides some recommendations for future work.








Microelectromechanical devices have been the cynosure of extensive research for a 
number of years and have generated much excitement as their potential utilizations in 
various applications have been increasing. An electromechanical device is basically a 
mechanical structural element, such as a beam or a cantilever, which is controlled via a 
microelectronic circuit. Technologies of microelectromechanical systems (MEMS) are 
currently used to make such diverse systems as electric current regulators [6]  , 
microscale mirrors arrays [7]  , RF electronic devices, accelerometers in automobile 
crash airbags systems, and various ultrasensitive sensors. 
Nanoelectromechanical system (NEMS) is the natural successor to and shrunken 
counterpart of MEMS as the size of the devices is scaled down to the nanometer domain. 
NEMS also holds promise for lots of scientific and technological applications. 
Particularly, NEMS has been proposed for use in ultrasensitive mass detection [3]  , RF 
signal processing [8]  , and as a model system for exploring quantum phenomena and 
applications in macroscopic systems [9]  . To improve sensitivity for these applications 
requires decreasing the size, or, more importantly, decreasing the active mass of the 
system, thus increasing the resonant frequency, and decreasing the line-width of the 
resonance to achieve high quality factors. One promising candidate, perhaps the 
ultimate, material for these applications is carbon nanotube (CNT). CNT is the stiffest 




material known, has low density and ultrahigh aspect ratio, and could be defect-free. 
Properties of CNTs will be discussed later. 
In this chapter a basic introduction to MEMS and NEMS will be presented first. A brief 
introduction to CNTs’ structure, synthesis methods, and their electrical and mechanical 
properties will be discussed afterwards. Previous work done on CNTs resonators will 
also be addressed. The basics of characterization facilities used, specifically SEM and 
TEM, are discussed at the end of this chapter. 
 
2.2 Micro- and nanoelectromechanical systems 
 
A typical electromechanical device can be described as a system where electrically 
controlled signals provide mechanical stimuli to a resonator, whose mechanical motion, 
typically the displacement of the element, is then transduced back into electrical signals. 
Additional control electrical signals can be applied to change the two main 
characteristics of the resonator: its resonant frequency 0 / 2  and quality factor Q. 
There are various types of geometries that are used in NEMS. Figure 2.1 shows some of 
the representatives. In general, flexural and torsional vibrations are the two types of 
mechanical motions that are mostly used. An example of a flexural resonator is a 
doubly clamped beam or a cantilever, and an example of a torsional oscillator is a 
paddle. Only flexural resonators, particularly the cantilever geometries, are considered 
in this thesis. 





(a)                                         (b) 
   
     (c)                                          (d) 
Fig 2. 1 Examples of NEMS. (a), (b), (c) Examples of NEMS devices utilizing flexural vibration. (a) 
Singly clamped cantilever [10]  . (b) Doubly clamped resonators [11]  . (c) Suspended membrane 
[12]  . (d) NEMS utilizing torsional vibration, a paddle [13]  . 
 
Experimentally, NEMS can operate at frequencies in the range of gigahertz. Due to the 
small sizes, actuating and detecting the motion of the vibrating element at such high 





. These values are much higher than those typically available with 
conventional electronic oscillators, but still inferior to MEMS counterparts. Ultrahigh 
quality factors are desirable as the minimum operating power of the device is decreased; 
hence its sensitivity to external driving and the selectivity in the spectral domain are 
resultantly increased. Such qualities make NEMS useful for a variety of different 
applications such as digital signal processing [14]  , mass detection [15]  , and force 
sensing [16]  . 




The most common and conventional top-down approach to microfabrication involves 
lithographic patterning techniques using short-wavelength optical sources. However, 
below a certain size, entirely different production techniques must be employed, on one 
hand due to preeminent surface effects which are difficult to control, and the other 
because the physics of the phenomena is susceptible to change at nanoscale which 
already lies in the quantum realm. To meet the increasingly stringent performance 
requirement, novel materials possessing distinct properties have been investigated in 
elementary research to study their feasibility as alternatives of conventional materials 
and candidates for new applications. Due to their remarkable electrical, mechanical, and 
electro-mechanical properties, CNTs have been a subject of intensive research since 
their discovery in 1991 [17]  .  
 
2.3 Carbon nanotubes (CNTs) 
2.3.1 Carbon nanotube structure 
 
CNTs are thin, hollow cylinders of covalently bonded carbon atoms. They fall into two 
different categories: single-walled carbon nanotubes (SWNTs) and multiwalled carbon 
nanotubes (MWNTs), which consist of concentric SWNTs stacked together. SWNTs 
are typically 1-2 nm in diameter and several µm in length, but SWNTs up to mm long 
have been grown and reported [18]  . MWNTs typically have diameters in the range of 
5-50 nm and are typically several tens of µm in length. 
The carbon atoms in the walls of a “perfect” nanotube are arranged in a honeycomb 
lattice just as in a single sheet of graphene. In fact, a CNT can be thought of as a single 




rolled graphene sheet (See Fig 2.2a). The properties of a CNT then are derived from the 
properties of graphene. Depending on the “rolling” angle with respect to the lattice, the 
relative arrangements of the atoms in the walls of the CNT with respect to the axis are 
different. The angle between the orientation of the lattice and the nanotube’s axis is 
known as the “chiral angle” of the CNT. Fig 2.2b, c and d show examples of CNTs with 
different chiralities. 
Several types of defects can influence the structure and binding in a CNT. These defects 
include substitutional impurities, adsorption of molecules, pentagon-heptagon defects 
and carbonization. 
Substitutional impurities are atoms other than carbon incorporated at lattice sites in the 
CNT, which are typically boron or nitrogen atoms [20]  . The presence of substitutional 
atoms will change the unit cell of the CNT and thereby the binding and electrical 
properties.  
Adsorption of molecules to the surface of the CNT will change the unit cell and thereby 
the electrical properties of this CNT. Particularly the adsorption of NO2 and NH3 


















Fig 2. 2 Structure of CNTs [19]  . (a) A CNT is formed by wrapping a graphene sheet. The shaded 
area shows the part of the sheet to be rolled and the black arrow identifies the direction of 
wrapping. The angle between the direction of wrapping and the lattice is called the “chiral” angle. 
(b) An “armchair” CNT (Φ=30o). (c) A “zigzag” CNT (Φ=0o). (d) A “chiral” CNT (Φ is arbitrary). 
Φ is the chiral angle. 
 




Pentagon-heptagon defects are structural defects where a pentagonal ring of carbon is 
situated adjacent to a heptagonal ring. This will cause the CNT to bend towards the 
heptagon as shown in Fig 2.3 [26]  . With an even distribution of these defects the CNT 
will possibly form a coil, which has been observed in the experiments (seen in Chapter 
3). Meanwhile the pentagon-heptagon defect causes change in chirality.  
Carbonization means that the carbon atoms are not arranged in any kind of lattice or in 
other words, in the amorphous form. The amount of carbonization presenting in a CNT 
depends on the specific method of growth. 
 
                            
(a)                                                                   (b) 
Fig 2. 3 Illustration of pentagon-heptagon defect [28]   and the formation of a spiral CNT [29]  . (a) 
Illustration of pentagon-heptagon defect [28]  . Red pentagon represents the pentagon defect while 
blue heptagon is the heptagon defect. (b) The formation of a spiral if these defects are spread 
throughout the CNT [29]  . 
 
 




2.3.2 Synthesis  
 
Since the discovery of CNTs in soot from arc discharge [17]  , several methods of 
synthesizing CNTs have been realized. Four of these approaches will be described in 
this section: arc discharge, laser ablation, chemical vapor deposition, and HiPco. The 
last method has been investigated intensively in the past few years, and the results 
indicate that the HiPco process might be the future large scale synthesis method of 
CNTs. 
 
2.3.2.1 Arc discharge 
 
Arc discharge provides a simple method for vaporizing carbon into plasma, which leads 
to the formation of high quality CNTs. 
An illustration of a typical carbon arc discharge apparatus is shown in Fig 2.4. The 
anode and cathode are both carbon rods of 5-20 mm in diameter, and the position of 
anode can be adjusted so that the optimum distance between the anode and cathode can 
be maintained continuously as the end of the anode is evaporated off during CNT 
growth. The dc voltage across the anode and cathode is around 20-25 V with a current 
in the range of 50-120 A. During operation helium flows through the chamber with a 
flow rate of 5-15 ml/s and pressure in the chamber is typically in the order of 500 torr 
[20]  . 
CNTs are produced in bundles in the inner region of the cathode, where the temperature 
is highest. The bundles are aligned in the direction of the current. The yield of CNTs 




and exactly what kind of CNTs produced are very much dependent on the growth 
conditions, even though the spread in diameter is usually narrow. The maximum yield 
obtained is around 20% of the evaporated graphite and this is only in the center of the 
cathode [20]  . Also by using different catalyst in the graphite rods it is possible to 
induce the formation of SWNTs, MWNTs, ropes of SWNTs, or bundles of SWNTs. 




Fig 2. 4 Schematic of an arc discharge apparatus for synthesizing CNTs [29]  . The anode and 
cathode, both made primarily of carbon, are positioned at optimal distance while a high current is 
passed from the anode to the cathode making an arc discharge. During this arc discharge carbon 
plasma is formed, and CNTs are deposited on the cathode.  
 




The arc discharge method is a simple and economic way of synthesizing nearly defect-
free CNTs. One of the drawbacks of this method compared to other methods, however, 
is the poor control of the deposition area. There is no way to produce the CNTs at a 
desired position in a device using arc discharge. Furthermore the formed CNTs will be 
mixed with several other carbon particles and the need for purification is apparent.  
 
2.3.2.2 Laser ablation 
 
A very efficient way of synthesizing ropes of SWNT is using a powerful laser to 
evaporate a graphite sample. The principle and apparatus of production is shown in Fig 
2.5. The graphite (mixed with a small amount of transition metals) target is placed in a 
furnace, and hit by a laser beam. Opposite the laser is a water-cooled copper collector 
just outside the furnace. A steady flow of argon from the laser to the copper collector 
makes the vaporized carbon flow from the target to the collector, where it will deposit 
and form ropes of SWNTs [20]  . The ropes of SWNT produced will typically have 
diameters in the range from 10-20 nm and length up to 100 µm. Individual SWNT has 
diameter in the range from 1-3 nm. The distribution of diameters is usually very narrow 
and the diameter depends on the transition metals mixed in the graphite target as well as 
temperature and other experimental parameters. 
The laser ablation method is probably the best way of making defect free SWNT. The 
disadvantage of this method is, as in the case of the arc discharge method, the poor 
control of deposition area, making the method useless in a device fabrication process. 
Furthermore the method is rather costly because of the high powered lasers engaged. 






Fig 2. 5 Schematic of a laser ablation apparatus for synthesizing CNTs [30]  . In this case an Nd 
YAG laser hits the graphite target heated to 1200
o
C and carbon is evaporated. The steady flow of 
argon sweeps the carbon to the water cooled copper collector, where the carbon deposits forming 
ropes of SWNT. 
 
2.3.2.3 Chemical Vapor Deposition 
 
Chemical vapor deposition (CVD) method of producing CNTs incorporates the 
disassociation of carbon-containing molecules and the utilization of catalyst particles, 
mainly the transition metals. In the chemical vapor deposition process (CVD), chemical 
reactions take place which transform gaseous molecules, called precursor, into a solid 
material on the surface of the substrate. CVD has been a very versatile process used in 
the production of coatings, powders, fibers and monolithic parts. With CVD, it is 
possible to produce almost any metallic or non-metallic element, including carbon and 
silicon, as well as compounds such as carbides, borides, nitrides, oxides and many 




others. The catalytic chemical vapor deposition of carbon nanotubes is adopted in this 
project and related details will be discussed in Chapter 3. 
2.3.2.4 High pressure carbon mono-oxide process 
 
The High Pressure Carbon mono-Oxide (HiPco) process is based on the same principles 
as CVD process. In HiPco the carbon atoms come from carbon monoxide gas, which is 
continuously pumped into a high-pressure (30-50 atm) reaction chamber working at a 
temperature of 900-1100
o
C, where it is mixed with industrial gas containing the 
necessary catalysts to sustain the chemical reactions which create CNTs. 
The temperature and pressure conditions required in HiPco process are common in 
industrial plants, and HiPco is both a less expensive and faster method of producing 
SWNT than the other methods. Research of the parameters involved in HiPco process 
[31]   at Rice University has optimized the process making it possible to produce 250g 
of SWNT in less than a week. Nevertheless there is still no way of controlling the area 
of deposition, despite the large yield and fast production rate of HiPco process.  
 
2.3.3 Electrical properties of carbon nanotubes 
 
Carbon nanotubes inherit their remarkable electrical properties from the unique 
electronic band structure of graphene (Fig 2.6a). Depending on its chirality, nanotube 
can be either metallic, semiconducting [32]  , or semiconducting with a small band gap 
[33]   




The cylindrical structure of a CNT imposes periodic boundary conditions on the 
electron wave function around the nanotube’s circumference, and transport in SWNT 
occurs only along the axis of the tube, making a CNT a 1D conductor. The conductance 










                                    (2.1) 
where iT denotes the transmission probability through the i-th channel, and
2 /e h  is the 
conductance quantum. In nanotubes there are four degenerate 1D channels: two due to 
spin degeneracy, and two due to the degeneracy arising from clockwise/counter-
clockwise “handedness” of the electron wave function, which is shown in Fig 2.6d. 









                                                       (2.2) 
Conductances approaching the value in Equation (2.2) have been measured 
experimentally in high quality metallic tubes with lengths of 200 nm [35]  , [36]  and in 
semiconducting tubes at “on” state [37]  , [38]  . These are essentially ballistic 
nanotubes. For longer tubes, the main origin of resistivity at low biases is believed to be 
due to scattering by acoustic phonons [39]   with experimentally measured mean free 
paths at room temperature of around 1 µm. 
Semiconducting CNTs have a band gap 0.7 /gE eV D , where D is the CNT diameter 
in the unit of nm [40]  , which separates the valence and conduction bands. Small-band 
semiconducting tubes have gaps on the order 100meV that originate from 




perturbations such as twist, curvature, or local strain in an otherwise metallic tube [41]  , 




(b)                                                                (c) 
 
(d) 
Fig 2. 6 Electronic structure of CNTs [19]  . (a) Band structure of graphene. (b), (c) Imposing the 
boundary conditions of the band structure leads to allowed states on the equidistant lines in k-space. 
For a metallic CNT (b) the lines cross the points of zero bandgap (the Fermi points). For a 
semiconducting CNT (c) the lines miss the Fermi points. (d) 4-fold degeneracy of a CNT: two states 
due to spin and two states due to the “handedness” of the wave function. 






2.3.4 Mechanical properties of carbon nanotubes 
 
CNTs owe their mechanical properties to the strength of the 
2sp  hybridized C-C bond. 
The two most important parameters characterizing the mechanical properties of a 
material are the elastic modulus E  
E                                                               (2.3) 
that describes the slope of the stress   vs. strain   curve, and the tensile strength s  
which describes the maximum stress the material can endure. If further stress is applied 
the material either fractures or undergoes irreversible plastic deformation. 
Theoretical calculations for the elastic modulus and the tensile strength of a CNT 
predicted values ranging from 0.5TPa to 5TPa for the elastic modulus [43]  , [44]  , [45]  
and 10GPa to 40GPa for the tensile strength [46]  . 
Experimentally, neither parameter is easy to measure due to the small size of CNTs. 
Two techniques, however, have been proved useful in measuring these properties: 
Atomic Force Microscopy (AFM) and Electron Microscopy. Early work concentrated 
mostly on the properties of MWNT and CNT bundles [47]   in which Transmission 
Electron Microscopy (TEM) was used to image thermal vibrations of MWNTs at high 
temperature and then extracted the elastic modulus, ranging from 0.4 to 4.15TPa, by 
fitting the shape of the resonance as shown in Fig 2.7a. This work was later continued 




by several other groups using TEM with MWNTs [48]  , with reported values around 
1.4TPa. Electrically excited CNT vibrations have also been used to measure elastic 
modulus [49]  , [50]  with extracted elastic modulus values of approximately 1TPa. 
Wong et al [51]   used an AFM cantilever to bend singly clamped MWNTs and directly 
measure their elasticity and strength. They found values of elastic modulus of around 
1.3TPa. Minot et al [52]   have used similar methods to study the elastic properties of 
doubly clamped ropes of SWNT and individual doubly clamped SWNTs (see Fig 2.7b). 
          
(a)                                                                  (b) 
Fig 2. 7 Measuring mechanical properties of CNTs [47]  , [52]  . (a) Thermal vibrations of MWNT 
in a TEM [47]    (b) A schematic of a suspended CNT stretched by an AFM tip [52]  . 
 
As the electronic properties of CNTs are highly sensitive to the geometric 
configurations of the constituent atoms, it is also possible to study the effect of 
mechanical modifications on the electronic properties of the CNT. Theoretically it has 




been predicted [41]  , [42]  that it is possible to modify the band gap of a 
semiconducting CNT and induce a band gap in certain metallic tubes by applying strain 
to CNTs. Indeed, it has been experimentally shown that the band gap gE  of a 







                                              (2.4) 
where   is the chiral angle and the sign of the result depends on the exact wrapping 
vectors. 
 
2.3.5 Previous work on CNT resonators 
 
Early work on CNT resonators was done mainly on MWNTs in an electron microscopy 
system for the purpose of measuring the elastic modulus of CNTs [49]  . MWNTs were 
grown on a holder by either pyrolysis [49]   or arc-discharge [50]   and were placed in 
cantilever configuration in either TEM or SEM. From the measured resonance 
frequencies of 1MHz [49]  , the elastic modulus E could be extracted and was found to 
be in the range of 0.2-2TPa. In the above experiments, the extracted quality factors 
were on the order of 100 to 200, which were attributed mainly to the abundance of 
defects in pyrolysis and arc-discharge grown nanotubes. 
Later, Purcell et al. [53]   grew MWNTs, typically 10-25 nm in radius and 10-40 µm 
long, by CVD, which typically produces close to defect free tubes. Actuation was done 
electrostatically in this experiment. A nanotube, grown on a metallic tip, was placed 




between two electrodes to form the doubly-clamp configuration. The detection of the 
resonance was performed using the CNT as a field emitter. The measured frequencies 
were on the order of 1MHz, similar to results of the previous research. Since the 
detection scheme of measuring the emission current was highly nonlinear in the 
amplitude of vibration, the shape of the resonance did not look Lorentzian as expected. 
Nonetheless, the effective quality factor for the resonance was measured, and was found 
to be roughly 2400, higher than the previous results. For ultrasensitive applications like 
biosensor and high-frequency applications like RF communications, however, 
resonators with higher resonant frequency and better quality factors are demanded.  
Despite of the success of the detection methods described above, they still suffered 
several disadvantages. Firstly, using a TEM or SEM, or applying several hundred volts 
to detect the resonance is unrealistic for any industrial application in reality. Secondly, 
the electron beam used for imaging in TEM and SEM interacts with the CNT and even 
damages it structurally, which has been ignored in previous research and will be 
investigated in details in this thesis. Lastly, all of these techniques are limited in their 
sensitivities to tens of nm vibration amplitudes by the resolution of the imaging beam. 
Such poor sensitivity may push the operation of these resonators into the nonlinear 
regime. 
 
2.4 Electron Microscopy 
2.4.1 Scanning Electron Microscope 
 




The scanning electron microscope (SEM) is used extensively to study the surface of 
materials rather than their internal arrangement. Its ability to resolve fine details lies 
intermediate between the optical microscope and the high resolution TEM. SEM 
magnifications can go to beyond 300,000X and most semiconductor manufacturing 
applications nowadays require nanometer resolution and below. SEM inspection is 
often used in the analysis of die/package cracks and fracture surfaces, bond failures, and 
physical defects on the die or package surface.  
During SEM inspection, a beam of electrons is focused onto a spot volume of the 
specimen, resulting in the transfer of energy to the spot. These bombarding electrons, 
also referred to as primary electrons, dislodge electrons from the specimen itself. The 
dislodged electrons, also known as secondary electrons, are attracted and collected by a 
positively biased grid or detector, and then translated into a signal. To produce the SEM 
image, the electron beam is swept across the area being inspected, producing many such 
signals. These signals are then amplified, analyzed, and translated into images of the 
topography being inspected. Finally, the image is shown on a CRT screen. 
The energy of the primary electrons determines the quantity of secondary electrons 
collected during inspection. The emission of secondary electrons from the specimen 
increases as the energy of the primary electron beam increases, until a certain limit is 
reached. Beyond this limit, the collected secondary electrons diminish as the energy of 
the primary beam is increased, because the primary beam is already activating electrons 
deep below the surface of the specimen. Electrons coming from such depths usually 
recombine before reaching the surface for emission. 




Aside from secondary electrons, the primary electron beam also results in the emission 
of backscattered electrons from the specimen [54]  . Backscattered electrons possess 
more energy than secondary electrons, and have a definite direction. As such, they can 
not be collected by a secondary electron detector, unless the detector is directly in their 
path of travel. Backscattered electron imaging is useful in distinguishing one material 
from another, since the yield of the collected backscattered electrons increases 
monotonically with the specimen's atomic number.   
The versatility of SEM enables it the indispensable equipment in this project, in which 
SEM is performed to analyze the micro- and nanostructures in plan view. A Philips XL 
30 microscope equipped with a field emission gun (FEG) operating at an acceleration 
voltage between 2 and 10 kV, with a working distance of typically 10 mm, and in 
secondary electron (SE) image mode is used.  
 
2.4.2 Transmission Electron Microscope 
 
Transmission electron microscope (TEM) operates on the same basic principles as the 
optical microscope but uses electrons instead of light. It has been developed further to 
make fuller use of the special properties of electron illumination, principally the higher 
resolution, but also the ability to carry out various forms of elemental and 
crystallographic microanalysis [55]  . Electro-optically, TEM has little in common with 
the SEM apart from the use of an electron gun and a condenser lens system to produce a 
focused electron beam. Differences as well as connections between the configurations 
of both SEM and TEM are illustrated in Fig 2.8.  




TEM has an evacuated metal cylinder of height 2 m with a source of illumination on top. 
An acceleration voltage of 80 kV to 300 kV is set between the cathode and anode. 
Electrons are accelerated through a small hole in the anode.  
 
(a)                                                                                   (b) 
Fig 2. 8 Electron path and schematics of SEM and TEM [56]  . (a) SEM and (b) TEM. 
 




The simplest TEM has two image-forming lenses and is an exact analogy of the 
compound light microscope. The illumination coming from an electron gun is 
concentrated on the specimen by a condenser lens. After passing through the specimen 
the electrons are focused by the objective lens into a magnified intermediate image. 
This image is further enlarged by a projector lens and the final image is formed on a 
fluorescent screen, a photographic film or a CCD camera [55]  . Nowadays, TEMs can 
reach atomic resolution using voltages of 200 kV and higher. Objects to the order of a 
few angstroms (10
-10 
m) can be observed and investigated with the aid of TEM and the 
possibility for high magnifications has made TEM a valuable tool in both medical, 
biological and materials research.  





CATALYTIC GROWTH OF CARBON NANOTUBES 
 
3.1 Objective and Purpose 
 
This chapter focuses on synthesizing CNTs through catalytic CVD process. The 
catalytic growth in combination with the CVD is the simplest way to generate a 
relatively large amount of CNTs. Through the plasma enhanced CVD (PECVD) method, 
well-aligned and ordered CNT structures have also been synthesized in a controlled 
process on patterned planar surfaces. Growing CNT directly on tungsten wire substrate 
gives rise to satisfactory electrical contact, which facilitates the subsequent electrical 
characterization work. Various growth parameters influencing the quality and 
morphology of the CNTs grown are also investigated in this chapter.  
 
3.2 Chemical Vapor Deposition 
 
Chemical reactions take place which transmit gaseous molecules, called precursor, into 
a solid material on the surface of the substrate in a typical CVD process. 
Microfabrication processes widely use CVD as a versatile technique to deposit diverse 
materials such as silicon and carbon in various forms including monocrystalline, 
polycrystalline, amorphous, and epitaxial.  




Various configurations have been employed for CVD: horizontal or vertical tube 
reactors, showerhead reactors or reactors with plasma enhancement. The reactor 
chamber used in this project can synthesize CNTs through both thermal CVD and 
PECVD. When operating in thermal CVD mode, samples are heated separated from the 
gas dispense and the chamber wall, which indicates the chamber wall is “cold” 
compared to the heating substrate. While growing CNT in PECVD mode, inside the 
reactor with plasma enhancement, direct-current plasma is created by an electrical 
discharge between the top electrode and grounded substrate. The excited electrons 
collide with gas molecules to form ions, reactive neutrals in plasma. An advantage of 
PECVD is the ability to deposit at much lower temperatures and pressures than would 
be required for thermal CVD. Nevertheless a severe disadvantage is usually a higher 
disorder and hence more defects in the created structures and a lack of uniformity over 
larger surface areas, which is observed during the synthesis processes. Therefore mainly 
thermal catalytic CVD grown CNTs are investigated in this project; the results of 
PECVD growth of CNTs will also be discussed briefly at the end of this chapter.  
In the frame of this chapter a catalytic growth of CNTs is performed by CVD of 
hydrocarbons (acetylene in this project). Ferrous chemicals on tapered tungsten tips or 
transition metals (Fe, Ni, Co) patterned on a flat substrate (Si/SiO2) are used as catalysts. 
The advantage of coating ferrous chemical on tungsten tips is to facilitate the following 
electrical characterization while the patterning on flat substrate is to help synthesize 
large-scale CNTs and also compare growth yields in regions with and without catalysts, 
and thus determine the role of the catalysts. The decomposition of the acetylene gas and 
the CNT growth are activated by the catalyst in the process. During the CVD procedure 




the precursor gas acetylene is decomposed catalytically to 2C+H2 and acts as carbon 
source for the assembly of the nanostructures. 
 
3.2.1 Growth mechanism 
 
When heat is applied to substrate coated with catalyst film, the increased surface 
mobility of the catalyst atoms causes the film to coalesce into nanoclusters [57]  . The 
thickness of the catalyst film, growth temperature and time determine the size of these 
nanoclusters jointly [58]  , [59]  . 
There is a further consideration with respect to the catalyst layer. Chemical interaction 
might take place between the catalyst and substrate when heat is applied. If there is a 
reaction, the catalyst material will dissipate, ending its futility for initiating CNT growth. 
This is a problem especially when using silicon as the substrate with transition metals, 
as these transition metals would diffuse into the substrate at the growth temperatures. 
Therefore <111>-oriented boron doped silicon with native SiO2 layer is chosen as 
alternate substrate in this project since this thin barrier of SiO2 can help eliminate the 
above problem mentioned. 
Depending upon the strength of the interaction between the catalyst metal and the 
substrate upon which the catalyst is deposited, two different growth models have been 
proposed [60]  . These two models are illustrated in Fig 3.1. In each case, carbon is 
extracted from the hydrocarbon precursor gas and diffuses through the catalyst particle 
before taking its place in the forming CNT. The growth model when there is weak 




interaction between the catalyst particle and the substrate is known as “tip growth”, as 
the catalyst particle keeps staying at the tip of the CNT. The model when strong 
interaction appears is known as “root growth”, as the catalyst particle remains anchored 
to the substrate at the base of the grown CNT. In this project, location of catalyst 
particle and morphology of CNTs observed support tip growth model only, which 
implies that possibly the interactions between the catalyst materials chosen and the 




           (a) weak interaction                   (b) strong interaction 






The growth of CNTs carried out is done in catalytic CVD processes at low pressure. 
Prior to the growth step, either etched thin tungsten wire or <111>-oriented boron doped 
silicon with native SiO2 layer is served as substrate for CNT growth. Chemical 




containing catalyst for CVD growth is then coated on disposed substrate before 
proceeding to CVD process. Fig 3.2 shows a basic flow chart of the growth process in 
which thin tungsten wire is used as substrate. The flow chart of the growth process 
using silicon wafer as substrate is similar. The various growth parameters contributing 
in the CVD process are identified as follows: 
- Influence of different catalysts used 
- Concentration of catalyst in chemical solution 
- Effective duration for CNT growth 
- Precursor used 
- Gas flow rate 
- Temperature for growth 
- Pressure for growth 
The effects of influence of different catalysts used, duration of growth, catalyst 
concentration, and working temperature on growth will be studied in the following 
sections. In these experiments, only one growth parameter is varied at a time to observe 
and distinguish the effect of this individual parameter on the growth results of CNTs. 
The experiments which have resulted in satisfactory growth of CNTs are also repeated 
to ensure reproducibility.  
 
 










Fig 3. 2Process flow for catalytic CVD growth of CNTs using tungsten wire as substrate 
 
3.4 Experimental Setup 
 
A succession of substrate treating and preparation processes antedates the effectual 
CVD growth. The using of tungsten tip as substrate is described for illustration here. 
In the first place, tungsten wire is chosen as the primary substrate for growing CNTs 
which are to be electrically characterized in subsequent steps. A wire tip also enables 
more degrees of freedom in accessing and manipulating the CNTs in both SEM and 
TEM. Moreover, tungsten possesses very high melting point of about 3422°C, which is 
way above the processing temperature of the growth process (~700-800°C). If large 
areas of CNT films with specific patterns are desired, silicon wafer is used as substrate. 
<111>-oriented boron doped silicon with native SiO2 layer is chosen to grow large areas 
of well aligned and ordered CNT films. 
Treating tungsten wire with 
chemical solution containing 
catalyst 
Placing treated tungsten wire 
into CVD chamber for catalytic 




Preparation, cleaning and 
etching of tungsten wire 




Tungsten wires are first etched at one end to achieve sharp tips. The diameter for these 
specific tungsten wires is 0.125 mm. Choosing this small value of diameter is to 
facilitate the later characterization in TEM since the depth of field in TEM is usually 
very small and hence for the purpose of easy manipulation and observation, the 
diameter of the tungsten wire on which the CNTs are grown should be small enough. 
Etching the tungsten wires serves partially for the above purpose; while the other 
purpose is to clean the surface of tungsten wire. 
Tungsten wire is immersed 1-2 mm vertically into the premixed 10% potassium 
hydroxide (KOH) solution and acts as the anode in this electrolysis reaction. Bias is 
then applied across the electrodes, which causes tungsten wire to dissolve into the 
potassium hydroxide solution, which mainly takes place at the meniscus of the solution, 
such that the wire is etched at the meniscus and the lower part drops off, hence the 
tungsten wire tapers towards one end. The simplified chemistry behind the above 
electrochemical etching process is described in the following equations.  
Cathode :  
- -
2 26H O+6e 3H (g)+6OH                              (3.1) 
Anode  :  
- -4 -
2 2W(s)+8OH WO +4H O+6e                                  (3.2) 
    
- -4
2 2 2W(s)+2OH 2H O WO +3H (g)                          (3.3) 
The tungsten undergoes an oxidative dissolution to tungstate anions (
-4
2WO  in this case) 
and water is consumed to produce hydrogen gas during the etching process. Fig 3.3 
shows the setup of etching equipment. 





Fig 3. 3 Equipment setup for tungsten wire etching 
 
Morphology of the tips after etching process shows different qualities of the resultant 
tips in Fig 3.4. The radius of curvature of the etched tip can not be either too small, 
inducing fragility of the tip during CVD process and undesirable vibration of the tip 
which disturbs the resolution of CNT resonance, or too large, which is not suitable for 




Fig 3. 4 Morphology of etched tungsten tips. 




The tapered tungsten wires are then cleaned in a standard cleaning procedure by first 
immersing the wires in acetone for five-minutes ultrasonic cleaning to remove larger 
particles. It is then followed by immersing the wires into isopropyl alcohol (IPA) for 
another five-minutes ultrasonic cleaning to remove remaining smaller particles. The tips 
are then dried in the oven. 
The catalyst used in the experiments for tungsten wire substrate is ferric chloride 
(FeCl3.6H2O). The solid ferric chloride particles are dissolved in DI water and stirred in 
the ultrasonic bath for 15 minutes. The ultrasonic vibration helps expedite the dissolve 
process. The solution is then placed for 24hours until all the solutes are dissolved and a 
homogeneous aqueous solution in nut-brown is obtained. 
The cleaned tungsten tips are then placed in a clean beaker and sufficient ferric chloride 
solution is added to cover these tips. These treated tips are then left in oven to dry at 
about 120°C for about 10 minutes. 
 
Fig 3. 5 Tapered tungsten tip mounted on silicon wafer for CVD process. 
 
After the above treatments, these tips are mounted on silicon wafers by applying silver 
paint at the bulky end of these tips as shown in Fig 3.5. The mounted tips are then put 




into CVD chamber for the catalytic CVD process, which will be discussed in details 
later. 
Electron beam lithography (EBL) is used to design and edit the patterns on <111>-
oriented boron doped silicon wafer. After EBL design and evaporation of catalyst 
materials in the evaporator, the silicon wafer is coated with catalyst materials in 
patterned regions and hence ready for subsequent CVD processing. 
 
3.5 CVD growth of CNTs 
 
In this project both thermal and plasma enhanced catalytic CVD methods are used to 
synthesize CNTs. The catalytic CVD process, which involves mainly the CVD chamber 
and its peripheral setup and connections, is the most practical method to create CNTs on 
extended surfaces. Both the side-view and top-view schematic diagrams of the CVD 
chamber used are shown in Fig 3.6.  
Both the flow rates (sccm) of NH3 and C2H2 are controlled by the Matheson gas flow 
controller not shown in Fig 3.6. Temperature of the heating element is controlled by the 
Lambda which provides the current for the heating element. Plasma parameters are 
adjusted by Agros 500. Pressure in the chamber is controlled jointly by the rotary pump, 
fine (RVC 300) and rough pumping valve shown in Fig 3.6.  
The whole general operation procedure conducted in the CVD chamber is as follows: 
Firstly, place the sample on the heating element and pump down the chamber by 
opening rough pumping valve, and the main gas valve. Meanwhile, set the flow rate for 




both NH3 and C2H2 via the Matheson controller. Once the pressure in the chamber 
reaches the base level, open the NH3 gas valve to fill the chamber with NH3. Close the 
rough pumping valve and use the fine pumping valve (RVC 300) to adjust the pressure 
in the chamber to the required level. Afterwards, the element is heated up to the 
required temperature and the pyrometer is used to monitor the temperature on heating 
substrate. When growth temperature is reached, the C2H2 valve is opened to release the 
C2H2 gas into the chamber for CNT growth. In the PECVD procedure, Agros 500 is 
operated to adjust the plasma parameters at this stage. Once the duration for CNT 
growth is passed, the heating element is turned down slowly to off and C2H2 valve is 
turned off, which stops the growth process. 
 
(a) Side-view of the CVD chamber 





(b) Top-view of the CVD chamber 
Fig 3. 6 Schematic diagrams of CVD chamber used in the experiments. Courtesy by and adapted 
from S. H. Lim. 
 
After a period of cooling (usually 5-10 minutes), the NH3 valve is closed. The rough 
pumping valve is opened to the largest to pump down the chamber in order to get rid of 
the NH3 gas inside the chamber. 
Once the base pressure is reached, the main gas valve and rough pumping valve are 
closed followed by shutting off the rotary pump and venting the chamber using the 
venting valve. The sample is then observed and characterized in Philips XL30FEG 
SEM as shown in Fig 3.7. 
 









In order to better understand the catalytic growth, parameters such as catalyst 
composition, deposition temperature, and catalyst concentration as well as deposition 
time are examined systematically in this section.  
 
3.6.1 CVD process without catalyst 
 
To confirm the catalyst’s effect on growth result of CNTs, control experiments are done 
without coating any catalyst onto the tungsten wire. The growth parameters are as 
follows: 












































Fig 3.8 shows the results of CVD process without catalyst indicated in Table 3.1. There 
is no CNT found on the surface of tungsten wire as shown in Fig 3.8. 
 
Fig 3. 8 Tungsten wire without catalyst after CVD process 
 
Another PECVD experiment conducted on patterned silicon wafer can also help 
demonstrate and compare the effects of using and not using catalyst on the growth yield 




of CNTs. The growth conditions are indicated in Table 3.2 and the growth results are 
shown in Fig 3.9. 








































From Fig 3.9 distinct differences are observed between the growth yield on catalyst-
coated patterns and the sterile glades. Well aligned CNT forests flourish on the patterns 
where catalyst (Ni) layer have been deposited; while almost very few CNTs appear on  
 
  
Fig 3. 9 Growth yields on catalyst-coated patterns and the sterile glades. (a) Well-aligned CNTs 
flourish on patterns of Ni layer with very few CNTs appear on unpatterned areas (b) Sporadic 
CNT-shape structures scatter on unpatterned areas due to sputtering of catalyst onto these areas 
during evaporation of catalyst layer 
 




the surface areas among these patterns. Sporadic CNT-shape structures do scatter on the 
glades and this kind of exception is believed to be attributed to the sporadic sputtering 
of catalyst onto the unpatterned areas during evaporation of Ni layer, due to the 
relatively compact and narrow dimensions of predefined patterns on silicon wafer. The 
step of sputter depositing uses a sputter agent comprising argon. For sputtering 
applications in the low-pressure regime, argon has the additional advantages of high 
atomic mass (and hence greater effectiveness as a sputtering agent) and a low binary 
scattering cross section, with associated long mean free paths. 
 
3.6.2 Influence of different kinds of catalysts  
 
As displayed in Fig 3.10, it is found that the use of iron catalyst results in the best 
growth result of CNTs, whereas the use of a pure nickel catalyst results in inferior 
growth and zinc catalyst brings about the worst result. Although zinc is wildly used as 
catalyst for synthesizing CNTs, ZnO nanostructures are shown to possess superior 
optoelectronic and piezoelectric properties useful in nanoscale transistors, sensors, 
electron emitters, and many other systems. The large-scale formation of heterojunctions 
of ZnO with other nanomaterials (particularly CNTs) should extend the scope of ZnO 
nanomaterials for potential applications. Although recent work has demonstrated the 
large-scale growth of aligned ZnO nanowire arrays, the formation of large-area ordered 
heterojunctions of ZnO nanostructures with other semiconducting materials such as 
CNTs has been much less discussed in the literature. In particular, the growth of aligned 
CNT–ZnO heterojunction arrays remains a big challenge. The potentially intimately 




connected heterojunctions between the aligned CNTs and ZnO nanostructures might 
possess interesting optoelectronic properties attractive for many potential applications, 
including their use as electro-optic sensors and field emitters. Therefore, the possibility 
of using zinc as catalyst for synthesizing CNTs and synthesis of large-scale aligned 
CNT–ZnO heterojunctions is investigated in the thesis. Recently, water-assisted 
catalytic growth of aligned carbon nanotube–ZnO heterojunction arrays has been 
investigated by Dai Liming and his colleagues [82]  . 
As shown in Fig 3.10, the iron-catalyzed CNT exhibits long length and small diameter 
which enables it the desirable candidate for the subsequent experiments. The diameters 
for nickel-catalyzed CNTs with worm-like shapes are larger than the iron-catalyzed 
ones, while almost no CNTs appear on the zinc-catalyzed surface after CVD growth. 
The result shown in Fig 3.10 is also consistent with a former study investigating 
potential CNT catalysts by examining the phase diagrams of a wide variety of metals 
conducted by C. P. Deck [61]  . Deck suggested that the binary carbon phase diagrams 
of iron and nickel, both of which were found to be effective in catalyzing the growth of 
CNTs, were found to have distinct similarities not found with other elements such as 
zinc. The former two exhibited some carbon solubility (~0.5-1.0 wt. % carbon) in the 







Growth time 5 minutes 
































Fig 3. 10 Effect of different catalysts on the CNT growth* 
* Flow rate for NH3 is 60 sccm for all three experiments. 




Deck also pointed out those unsuccessful catalysts might have no significant solubility 
of carbon in the metals. In the carbon-zinc systems studied, the solubility limit of 
carbon in zinc is extremely low. Carbon cannot diffuse in significant quantities into the 
nanoscale catalyst particles, and therefore, these particles cannot act as nucleation sites 
for the formation of CNTs.  
With other potential metal catalysts, sufficient carbon solubility can be observed in the 
solid solution; however, multiple carbides readily form. According to Deck [61]  , 
graphite precipitation does not occur until the formation of all these carbides has 
occurred, and hence requires a much higher carbon concentration in the system. The 
time required for the kinetics of this carbon diffusion and carbide formation can delay 
or inhibit the graphite precipitation to an extent which prevents the formation of CNTs 
given the growth conditions used in these experiments. 
 Given the results attained in experiments described in Fig 3.10, iron is chosen as 
catalyst for CNT growth in this project.  
 
3.6.3 Catalyst concentration 
 
Ferric chloride solutions are prepared with four different densities, ascending from 0.2 
g/ml, 0.5 g/ml, 1.0 g/ml to 1.2 g/ml, for investigating the effect of catalyst concentration 
on the CNT growth. Fig 3.11 shows clearly that the use of higher catalyst 
concentrations results in an increase of the resultant CNT density. But at concentrations 
higher than 1.0 g/ml, agglutination and agglomeration of CNTs appear. They do not 




grow anymore as individual tubes but in larger clusters entangling with the others. This 
is surely not the ideal configuration for the study of the CNTs’ properties in the 
subsequent experiments. 
  
Solution density 1.2 g/ml Solution density 1.0 g/ml 
  




















Tungsten  5 minutes FeCl3  780
o
C 1.6mBar 5.5 sccm 60 sccm 
Fig 3. 11 Effect of concentration on CNT growth 
 




In the successive experiments, the discussion is thus focused on the ferric chloride 
solution with a concentration of 1.0 g/ml, which exhibits the best result for CNT growth. 
Using catalyst of this concentration delivers the highest CNT density without clustering 
of the tubes as shown in Fig 3.11. 
 
3.6.4 Growth duration 
 
It was also found that the growth of the CNTs is a very fast process: under the 
prevailing conditions the growth already takes place during the first 5 minutes. Fig 3.12 
shows the evolution of the CNT growth with time duration ranging from 2 minutes to 
10 minutes at 780
o
C. After the initial annealing without CVD process, four identically 
prepared samples are separately subjected to CNT growth for 2 minutes, 5 minutes, 7 
minutes and 10 minutes respectively, with all other parameters identical. In the first two 
minutes, CNTs have already started growing; whereas the average length is quite small 
(~3 µm). Only 3 minutes later, CNTs of up to 10 µm in length are observed, which 
implies that the average growth rate is at least 40nm/s in this 3-minute interval. When 
growth duration is increased to 7 minutes, the average length of CNTs observed also 
significantly rises to around 30 µm.  
Nevertheless, it is also observed that these longer CNTs are also thicker in diameter, 
which is caused by the longer reaction time and hence more carbon deposition onto the 
tube. The long reaction time provides more carbon atoms to build up more layers of 
graphene walls in the axial direction, hence resulting in thicker diameter. The thicker 
diameter of CNT can also be due to amorphous carbon deposition. When the 




hydrocarbon precursor gas undergoes thermal pyrolysis, undesired amorphous carbon is 































Tungsten  1.0 g/ml FeCl3  780
o
C 1.6mBar 5.5 sccm 60 sccm 
Fig 3. 12 Effect of duration time on CNT growth 
 




When growth duration is further increased to 10 minutes, the freestanding CNTs 
become to pronate and fall down possibly because the mechanical structure of the CNTs 
can not sustain these long CNTs of 50 µm in average length or due to the pentagon-
heptagon defects described in Chapter 2, which cause the CNT to bend towards the 
heptagon defects. 
An even distribution of pentagon-heptagon defects in the structure of CNT will possibly 
form a coil shape nanotube, which is also observed in the experiment, as indicated by 
the arrows shown in Fig 3.13. 
 
Fig 3. 13 Coil shape CNTs observed in experiments. Two coil shape CNTs, 8 µm and 2 µm in length 
respectively, are indicated by the arrows. The formation of coil shape is attributed to the even 
distribution of pentagon-heptagon defects in the structure of CNT, which cause the CNT to bend 
towards the heptagon. 




For the subsequent electrical characterization, the optimal growth duration should be 
within the interval from 5 minutes to 7 minutes according to the results shown in Fig 
3.12. 
 
3.6.5 Growth temperature 
 
Temperature is another crucial factor in thermal CVD synthesis of CNT because 
sufficient energy has to be afforded to the system to dissociate the hydrocarbon 
precursor gas so that subsequent reactions can take place. Fig 3.14 illustrates the effect 
of different temperatures on the growth result of CNTs. 
CVD process at 650
o
C yields almost no obvious growth of CNTs, while the distribution 
density of CNTs is also sparse. This should be due to insufficient thermal energy 
available to the process, therefore precursor gas can not dissociate readily for the carbon 
supply crucial for the CNT growth. When temperature is increased to 780
o
C, long and 
upstanding CNTs are ample along the tungsten tips. Also the highest density of CNTs is 
observed at 780
o
C. Relatively thick structures are found at temperatures exceeding 
800
o
C. When growth temperature is further elevated to 850
o
C, curly worm-like 
structures with dramatically increased diameters are observed along the tungsten tips. 
Acetylene starts to dissociate in the gas phase at temperatures above 800
o
C and the 
resultant carbon forms an amorphous continuous layer which also gets thicker with 
increased temperature. 


































Tungsten  1.0 g/ml FeCl3  5 minutes 1.6mBar 5.5 sccm 60 sccm 
Fig 3. 14 Effect of temperature on CNT growth 
 
Given the results shown in Fig 3.14, 780
o
C is chosen as the optimal temperature for 
growth of CNTs in this project. 
 
 




3.7 PECVD growth of CNTs 
 
Plasma-Enhanced Chemical Vapor Deposition (PECVD) is utilized since it allows the 
growth of oriented and aligned CNTs; meanwhile, the additional energy imparted by the 
plasma can effectually decrease the growth temperature required for thermal CVD, 
which is more compatible with the current standard semiconductor fabrication 
conditions. 
A cleaned silicon wafer is coated with a thin metal film that serves to act as catalyst 
layer for CNTs growth, such as Ni, Fe, Co, using various physical deposition methods 
such as evaporation and sputtering. The coated samples are then placed onto the heating 
plate in the center of the PECVD chamber whose schematic diagram is shown in Fig 3.6, 
which is then pumped down to a low base pressure (~1mBar) to evacuate atmospheric 
gas. The substrate is then heated to a temperature for annealing the sample in ammonia 
gas ambient.  Hydrocarbon gas is introduced into the chamber through a network of 
mass flow controllers allowing to regulate the flow rate and gas composition of the 
mixture. A high voltage applied between the electrode above the sample and the ground 
causes the ionization of the gases, resulting in plasma formation. The energy from 
heating the substrate and from the high-voltage plasma causes decomposition of the 
hydrocarbon gas into its components. Although the exact growth mechanism of CNTs 
in PECVD process is not precisely known, one possible explanation is similar to the tip 
growth mechanism described previously in this chapter, which is also verified by the 
micrographs shown in Fig 3.15. Indeed, bright or dark catalyst particles in strong 
contrast to the CNTs are clearly seen at the tips of these CNTs in Fig 3.15. 





  (a) SEM image              (b) STEM image 
  
  (c) TEM image              (d) Bamboo structure 
Fig 3. 15 Microscope images of PECVD-grown CNTs. (a) SEM image of aligned CNTs grown by 
PECVD. The bundles of CNTs appearing in Fig 3.15a are due to the weak van der Waals 
interaction that holds the individual CNT which is straight and perpendicular to the surface 
together in the bundle. (b) STEM and (c) TEM image show the catalyst dots at the tips of  CNTs, 
indicating the “tip-growth” mechanism during this PECVD process (d) Bamboo-like structure 
caused by instable plasma field. 
 
As observed in the SEM micrograph (Fig 3.15a), the electric field orientation of plasma 
affects the alignment of CNT growth and produces CNTs that are straight and 
perpendicular to the surface (The bundles of CNTs appearing in Fig 3.15a are due to the 
weak van der Waals interaction that holds them together in the bundle ). In Fig 3.14a, b 
and c, catalyst dot appears at the tip end of the resultant CNT and hence implies a tip 
growth mechanism governing in this CVD process. From (c) and (d) in Fig 3.15, the 




hollow inner bore of the CNTs is clearly seen under TEM observation. The inner bore 
shows regular compartment structures which suggest formations of bamboo-like CNTs 
[62]  . This could be caused partially by the instability of the plasma field, which in turn 
induces the intermittent growth of CNTs and hence causes the defective structures of 
PECVD-grown CNTs in the experiments.  
The walls of the CNTs in (c) and (d) of Fig 3.15 also appear to be wavy which suggests 
they are not perfect graphitic networks but only possess short-range graphitic order. The 
defects on the graphitic walls induce bending of the CNT walls. The defective wall 
structure of these CVD grown CNTs suggests tubes of possibly high electrical 
resistivity. 
 
Fig 3. 16 TEM micrograph of commercial arc-discharge grown CNTs 
 
Comparing the structures of PECVD-grown CNTs shown above with the structures of 
the commercial CNTs obtained from SES Research
®
 shown in Fig 3.16, which are 
grown by the arc-discharge process, less defects and more homogeneous graphitic 




networks possessing longer-range graphitic order are observed in the commercial CNTs. 
These commercial CNTs are typically 2-20 nm in diameter, with lengths ranging from 
100 nm-2 µm, and have been treated to open the ends and to remove the catalyst 
nanoparticles. However these arc-discharge CNTs contain more amorphous carbon than 




To sum up, FeCl3 solution provides the essential iron catalyst for the growth of CNT. 
With the concentration of catalyst increases, the density of grown CNTs increases. 
When duration of growth is elevated, longer CNTs are observed because the reaction 
time is longer for CNT to continue to grow. One undesirable result of longer growth 
time is the resultant thicker diameters of CNTs. While another critical issue of longer 
growth duration is the deposition of amorphous carbon layer. This undesirable 
deposition does not only affect the mechanical properties and performances of the CNT 
system as will be illustrated in later chapters, but will also possibly cause short circuits 
in potential devices and systems made from these CNTs. Temperature acts an important 
role in CNT growth as well. When growth temperature is low, the yield of CNTs is low 
and the distribution density of growth is sparse as well, possibly due to insufficient 
energy available for the dissociation of hydrocarbon gas and hence the impeded growth 
process. On the other hand, when the growth temperature is too high, the morphology 
and distribution density of the resultant CNTs are also undesirable. The resultant 
structures possess relatively larger diameters compared to those grown at lower 




temperatures. 780°C is chosen as the optimal temperature for CNT growth in the 
experiments.  
Recently, PECVD has emerged as a key growth technique to produce vertically-aligned 
CNTs, possessing the advantage to grow well oriented CNTs at lower temperatures 
compared to previous thermal CVD process, which makes PECVD a potential 
nanofabrication technique compatible with current semiconductor technology. However, 
PECVD-grown CNTs suffer structures with more defects and less uniformity compared 
to thermal-grown CNTs. Many critical issues need to be addressed and solved before 
PECVD becomes the mainstream technique for mass production of applications 
integrated with CNTs. 
Last but not least, the size of catalyst particle also plays a vital role in the morphology 
of the CNT grown via catalytic CVD process. As noted already by researchers studying 
carbon filaments in the 1970s [60]  , the diameter of CVD-grown structures is 
controlled to a large extent by the catalyst particle. In order to obtain monodisperse 
CNTs, well-defined catalyst particles need to be assembled or delivered onto a surface. 
The average size of the CNTs is difficult to control with the method adopted in the 
experiments previously shown and the size distribution is relatively broad. This is due 
primarily to the fact that the catalyst particles are formed from a thin film evaporated or 
from ions in solution during annealing to the growth temperature, which makes the 
purveyance of small and monodisperse particles problematic. Recently, a new approach 
is demonstrated which allows to obtain CNTs of well-defined diameter by using the 
iron-containing cores of ferritin as catalyst [81]  . Possibly the most remarkable property 
of the ferritin catalyst is that the outer CNT diameter matches closely the particle 




diameter, which facilitates the control of the diameter distribution of the grown CNTs. 
However, due to the limit in the experimental facilities, investigations on either the 
effect of catalyst particle size or the utilization of ferritin as catalyst are not 
implemented in this project. 





FABRICATION, DETECTION AND 





Due to the extremely small sizes, it is difficult to realize a nanotube-based resonator 
with conventional actuation and detection methods such as optical and magneto-motive 
techniques. Besides, in face of the theoretically predicated resonant frequencies around 
gigahertz, inducing and detecting the motion of the vibrating element at such high 
resonant frequencies becomes a potentially critical challenge. Despite these challenges, 
nanotube-based resonators in both cantilever and doubly-clamped configurations have 
been realized and reported [49]  [50]  [53]   
In this chapter, method for electrical actuation and in situ harmonic detection of 
electrically induced mechanical resonance of single MWNT cantilever is described first. 
In situ investigation of performance of cantilevered CNT resonator prototype under DC 
and AC bias in SEM is conducted. Details of the experimental setup and the device 
fabrication (section 4.2), actuation and detection techniques (section 4.3), and 
experimental results for characterizing the CNT resonator system (section 4.4) are also 
investigated in this chapter.  
 
 




4.2 Experimental setup and device fabrication 
 
Two types of configurations for CNT resonators, bridged or doubly clamped and 
cantilevered as shown in Fig. 4.1, are implemented in this project. Discussions will be 
focused mainly on resonators consisting of suspended CNTs in cantilever geometry in 
this thesis for the amplitude of motion is relatively larger in cantilever geometry, which 
facilitates the observation. There are three major parts in fabrication of both types of 
CNT resonator: 1) growing tubes, 2) making electrical contacts and 3) suspending the 
CNT (or pulling out and placing the CNT).  
 
  
(a) Bridged resonator                                 (b) Cantilevered resonator 
Fig 4. 1Two types of configurations for single CNT resonator 
 
The growth procedures have been investigated in Chapter 3 in details. The rest two 
steps will be addressed in the following sections. 
 




4.2.1 Making contacts and pulling out the CNT 
 
Once the CVD grown CNTs are available, they are put into Philips XL-30 FEG SEM 
facilitated with a three-axes nanomanipulator (Kleindiek MM3A) with two arms as 
shown in Fig 4.2. The biasing and tapping of electrical signals are accessed by ports 
located outside the XL-30 SEM connected to each arm of the nanomanipulator through 
a controlling circuit board. 
 
Fig 4. 2 Nanomanipulators mounted onto the SEM 
 
To obtain free-standing CNTs the wafer or tungsten tips with CVD grown CNTs are 
placed onto a carbon tape fixed on the central stage in the SEM. Two electrochemically 
etched tungsten tips are mounted onto both arms of the nanomanipulator. To conduct 
investigations on CNT resonator, well-separated individual protruding CNTs are desired. 
To pick up a single CNT from the CNT forest, one of the electrochemically etched 
tungsten tips is adjusted to the vicinity of the protruding end of the chosen CNT, i.e., a 




long, straight and thin tube that is uniform in its diameter, points in the direction of the 
tip, and stands sufficiently free from other tubes to allow being approached as shown in 
Fig 4.3a and the free end of the chosen CNT is indicated by the black arrow in Fig 4.3a.  
 
Fig 4. 3 Contacting between tungsten tip and CNT and pulling-out of CNT. (a) Long, straight and 
thin tube that is uniform in its diameter, points in the direction of the tip, and stands sufficiently 
free from other tubes to allow being approached (b) Free-standing end of the bent CNT sticks to 
the tungsten tip a few micrometers from the tip apex (c) CNT is aligned with the tip by pulling out 
the tube (d) Pulled-out CNT in the cantilever geometry with the new free end which is broken from 
the original tube indicated by black arrow 
 




When the tip has approached the carbon nanotube within a few hundreds of nanometers, 
the nanotube usually bends and sticks onto the tip. This bending possibly indicates 
charging on the nanotube due to the electron beam radiation. Applying a voltage 
difference later between the tip and the nanotube sample can show increase in the 
amount of bending and deflection of the tube as shown in Fig 4.4. 
To provide sufficient contact surface between the tip and the nanotube for convenience 
of subsequent pulling-out process, the tungsten tip is first positioned about a micrometer 
beside the nanotube and then the nanotube is carefully approached from the side. As the 
nanotube bends, its free-standing end sticks to the tip a few micrometers from the tip 
apex, as shown in Fig 4.3b. By pulling, the nanotube is to some extent aligned with the 
tip and a contact length of about 3µm is obtained, as indicated by the black arrow in Fig 
4.3c. During this approach-and-contact procedure, whether a contact really happens can 
also be verified by monitoring the voltage on the Keithley 237 Source Measurement 
Unit connected to the nanomanipulator which is set to operate in constant current mode 
(0.3 µA) with the voltage compliance of 15 V in addition to the visual observation in 
SEM. Successful initial contact of the nanotube is indicated by a drop in the voltage, to 
a value typically greater than 1 V. The relatively large equivalent resistance of the 
circuit is largely due to the contact not ideal enough between the CNT and the tungsten 
tip. The high contact resistance can also be associated with poor mechanical adhesion 
between the CNT and the tip, for small pulling force might render separation between 
nanotube and tungsten tip at this joint which foils the pulling-out attempt and 
subsequent experiments. 




Four methods, current welding, electron beam induced deposition (EBID), use of Van 
der Waals force and use of electric attractive force, are utilized for realizing and 
improving desirable contacts between chosen CNTs and the tungsten tip or even 
between two CNTs for the subsequent pulling-out and electrical characterization of 
CNT cantilever.  
 
4.2.1.1 Current welding 
 
To improve the contact, the current is ramped up to 10 µA, for instance, and back down 
to the test current of 0.3 µA for evaluating the resistance in the current welding process. 
Improvement in the contact is indicated by a much smaller voltage drop. If no obvious 
improvement is observed, the current ramping procedure with a higher current is 
conducted for further improvement. This discreet multi-step current ramping procedure 
is implemented intentionally to avert the occurrence of CNT arcing or burn-out [63]   
that can arise, despite the preset voltage compliance, with a single high current ramp if 
the initial contact is poor. This kind of unanticipated break-off incidence does happen 
actually in the experiments as shown in Fig 4.3d. Breaking off part of the nanotube 
from the main sample occurs by Joule heating even with a current of 20 µA, which 




 for a tube with a radius of 10 nm. 





[64]  , one possible reason for the low current conveyance capacity in the experiments 
can be the presence of defects in these CVD grown CNTs’ structures as shown in 
Chapter 3. The presence of carbon contamination, which is conductive, induced by 




electron beam inside the SEM, might also cause a sudden current spike that can 
possibly exceed the current carrying capacity of the CNT, thus rendering the breaking 
off of this CNT due to the sudden aggrandizement in current flow. When a final current 
ramp indicating an acceptable improvement in contact completes the current welding 
process, the welded CNT is then pulled out from the substrate for further processing. 
 
4.2.1.2 EBID of carbonaceous substance   
 
Although the inextricable electron beam induced deposition (EBID) entangling with 
characterization of samples in SEM is undesirable occasionally, such as the damaging 
short circuit caused by EBID of amorphous carbon outside the nanotubes occurring in 
the current welding attempt of pulling out the nanotubes, EBID of this carbon film can 
also contribute distinguishingly in enhancing the contact between the nanotubes and 
tungsten tips. 
When the initial contact between nanotubes and tungsten tips is achieved by 
approaching tungsten tips toward carbon nanotubes (Fig 4.4a), the field of vision in the 
SEM is then zoomed in to the contact region between the nanotube and the surface of 
the tungsten tip (Fig 4.4b). Selective area slow scan is conducted within the contact 
region and a carbon film is then deposited onto the contact region to fix the CNT to the 
tip (Fig 4.4c & d). This carbon film acts as a paste that anchors the CNT onto the tip. 
The deposition is realized by the electron beam dissociation of contaminants, mainly 
hydrocarbon molecules, inside the SEM chamber.  




























Fig 4. 4 EBID of carbonaceous substance to improve the contact between the CNTs and tungsten 
tips. (a) Initial contact between nanotubes and tungsten tips is achieved by approaching tungsten 
tips toward carbon nanotubes (b) Selective area viewing the contact region between the nanotube 
and the surface of the tungsten tip in SEM (c) (d) Selective area slow scan is conducted within the 
contact region and a carbon deposition is observed on the contact region to fix the carbon nanotube 
to the tip (e) EBID welding finished (f) CNT is pulled away from the substrate and becomes a nano-









After the deposition, this nanotube is pulled away from the substrate and becomes a 
nano-cantilever along the supporting tungsten tips (Fig 4.4e & f). Although the above 
EBID soldering is conducted parochially, intending to deposit the carbonaceous 
substance within the restricted region, as indicated by the red circles in Fig4.4, as well 
as avoiding contaminating the whole carbon nanotube, the contamination often coats an 
area broader than the visual field selected. This might damage the structure and cause 
changes in mechanical properties of the whole CNT system by introducing exotic and 
additional substance to the CNT investigated. This undesired effect will be 
characterized and discussed further in Chapter 5 when the resonant oscillation of CNT 
cantilever is investigated. 
The doubly-clamped CNT resonator can also be implemented in this EBID method as 
shown in Fig 4.5. A free-standing CNT attached to the tungsten tip is brought to the 
patterned electrodes as shown in Fig 4.5a and b. The free end of this CNT is first 
anchored to the electrode via EBID of carbonaceous substance; the whole CNT is then 
placed and aligned across the trench to touch onto the other electrode while this end of 


































Fig 4. 5 Doubly-clamped CNT resonator implemented via EBID method. (a) (b) A free-standing 
CNTattached to the tungsten tip is brought to the patterned electrodes (c) The free end of CNT is 
anchored to the electrode via EBID of carbonaceous substance (d) The whole CNT is placed and 
aligned across the trench to touch onto the other electrode (e) The other end of CNT is also fixed by 




































Fig 4. 6 Pulling out CNT via Van der Waals force (a) One tungsten tip with a short CNT at the tip 
is approaching to another long, free-standing CNT (b) The short CNT tip is placed approaching the 
free end of the new long CNT (c) These two CNTs are attracted to each other by the Van der Waals 
force (d) The arrow indicates the new connection and contact region between the two CNT tips 
formed via Van der Waals force (e) (f) The long CNT is pulled out and a longer CNT tip consisting 








The utilization of Van de Waals force in manipulating CNT in a desired way can be 
illustrated by pulling out one long CNT through a previously attained short CNT to 
increase the length of the CNT tip, as shown in Fig 4.6. One tungsten tip with a short 
CNT along the direction of the tip, which is achieved after breaking-off of a long CNT 
via current welding as described previously, is approaching to another long, free-
standing CNT as shown in Fig 4.6a. The short CNT tip is then placed approaching the 
free end of the new long CNT (Fig 4.6b) and these two CNTs are attracted to each other 
by the Van der Waals force, as shown in Fig 4.6c and d. The arrow in Fig 4.6d indicates 
the new connection and contact region between the two CNT tips formed via Van der 
Waals force. The long CNT is then pulled out and a longer CNT tip consisting of two 
individual CNTs is formed (Fig 4.6e and f). In this method, neither external electrical 
bias nor selected area slow scan is needed. However, this kind of contact achieved by 
Van der Waals force is not as strong as the one made in previous two methods. Usually 
in the experiment, CNT picked up via this method exhibits poor contact and is 
susceptible to external disturbance such as movement of the tungsten tip and even the 
scan by electron beam during image acquisition. 
 
4.2.1.4 Use of electric attractive force 
 
A dc electric voltage around 5 V is applied between a new CNT on the substrate and the 
CNT tip on tungsten tip achieved after process described in 4.2.1.3 as shown in Fig 4.7. 
The tips of these two CNTs are indicated by arrows shown in Fig 4.7a and b. The tips of 
these two CNTs are attracted to each other by electric attractive force and a new 




connection is established within the circled contact region. This new CNT is then pulled 
out as shown in Fig 4.7d. A CNT loop is also formed in Fig 4.7d due to the vibration of 
the free end of the long CNT and the attraction of this end by the biased tungsten tip. 
 
Fig 4. 7 Use of electric attractive force for pulling out CNT (a) (b) The tips of the two CNTs are 
indicated by arrows. A dc electric voltage around 5 V is applied between a new CNT on the 
substrate and the CNT tip on tungsten tip. (c) The tips of these two CNTs are attracted to each 
other by electric attractive force and a new connection is established within the red-circled contact 
region (d) The new CNT is pulled out and a CNT loop is also formed by the vibration of the free 
end of the long CNT end and the attraction of this end by the biased tungsten tip. 
 




These above four methods enable us to select individual CNT from the CVD grown 
CNT samples and fabricate nano-cantilever and nano-resonator consisting of a single 
CNT. 
 
4.3 Actuation and detection  
4.3.1 Actuation setup 
 
The nanotube motion is actuated through electrostatic interactions by biasing the 
counter electrode and the CNT. Experimental setup for harmonic actuation of 
electrically induced mechanical resonance in an individual MWNT resonator is 
illustrated in Fig 4.8. The counter electrode is approached to the vicinity of the free end 
of the MWNT. A dc bias and an ac signal from a sine wave signal generator, which 
generates the oscillating electric field, are applied between the nanotube and the counter 
electrode. By tuning the frequency of the ac signal, the cantilevered nanotube can be 
excited such that maximum amplitude is achieved when the frequency of the drive 
signal matches the mechanical resonance frequency of the nanotube cantilever system.  
The amplitude of dc voltage is first set to 5 V in order to enhance the amplitude of the 
potential oscillation of the nanotube while this amplitude is varied later to investigate 
the relationship between dc bias and the oscillation; the Vp-p value of ac bias, on the 
other hand, is set to the achievable minimum value (50 mV) in order to minimize the 
intervention of the oscillating field on the electron beam and hence optimize the image 
quality observed and acquired, for increase in the Vp-p value of ac bias is found to render 
the deterioration of blurring appearing in the SEM images.  





Fig 4. 8 Experimental setup for harmonic actuation of electrically induced mechanical resonance in 
an individual MWNT resonator. A dc bias and an ac signal from a sine wave signal generator, 
which generates the oscillating electric field, are applied between the nanotube and the counter 
electrode. Visual observation is conducted directly in SEM. 
 
4.3.2 Detection setup 
 
The in situ observation of nanotube oscillation is first conducted in the TV mode of XL 
30 FEG SEM. This mode of acquisition allows watch the resonance in the SEM 
chamber live.  
 
Fig 4. 9 Schematic of the experimental setup for oscillating nanotubes 




When resonance is reached, in order to probe the oscillation and determine the 
amplitude of resonance of the nanotube, an electron beam with beam diameter of less 
than 1 nm is focused using an integrated mode onto the nanotube which protrudes from 
the supporting substrate as shown in Fig 4.9. The attributes of resonance can be 
acquired visually when the laterally resonating nanotube traverses the electron beam. 
This technique provides direct measurement and determination of oscillating frequency 
and amplitude of the nanotube. 
 
4.4 Experimental results of CNT resonator system 
 
The electrically induced mechanical resonance of CNT resonator can be characterized 
with the aid of nanomanipulator and SEM. To determine the atomic structure 
parameters which are of crucial importance to the oscillation of CNT resonator, TEM is 
utilized to conduct further investigations after the initial SEM characterization. 
 
4.4.1 Observation and characterization of oscillation in SEM 
4.4.1.1 Forward process and resonance peak observed 
 
The frequency of the ac bias is first increased (forward process) in the hope to observe 
the oscillations of the implemented CNT resonator. The initial amplitude of dc bias is 5 
V and keeps constant in this forward process. The Vp-p value of the ac signal is 50 mV. 
The frequency is increased from hertz range up to megahertz range. Eight selected 
frequencies along this forward process out of the acquired data points are illustrated in 




Fig 4.10. The maximum amplitude of oscillation observed appears at the actuating 
frequency of 109.608 KHz as seen from Fig 4.10d. For frequencies smaller than this 
value, the amplitude of oscillation increases corresponding to the increase in frequency 
value, as shown from Fig 4.10a to d; while a small increase of 2 Hz above this value 
causes an dramatic decrease in oscillation amplitude and further increase renders more 
distinct drop in amplitude till almost complete cease of oscillation which can be seen 
from Fig 4.10e to h. The amplitude-frequency curve acquired accordingly shows the 
typical Lorentzian shape for a fundamental mode resonance centered at f=109.608 KHz 
as shown in Fig 4.11; according to the full-width-at-half-height (FWHH) value, the 
quality factor Q is 9743 for this nanotube resonator, which is consistent with the quality 




, with which typical
 
NEMS operate. These values are 
much higher than those typically available with electronic oscillators, but still inferior to 
MEMS counterparts.  
Recently, the quality factor for the nanotube cantilever has been theoretically predicted 
based on molecular dynamics simulation for a SWNT and a double wall nanotube [65]  . 
The predicted Q factors are smaller than 1500 at room temperature. In that case, 
however, the examined nanotubes were very short which were around 2 nm in length; 
therefore the resonant frequency roared up to 10
12
 Hz. That value of frequency is 
comparable to the phonon frequency. Therefore, the oscillation energy may easily 
couple with the phonons and can be converted into phonon oscillation. This coupling 
thus raises the system temperature and the energy for the oscillation has to be dissipated. 
On the contrary, resonant frequencies under the experimental conditions in this project 
are lower than 1 MHz, which differs greatly from the theoretical calculation and 




therefore the quality factor takes a higher value resulting from the effective 




   
   
 
 







Fig 4. 10 Eight selected frequencies out of the acquired data points along the forward process, 
which starts from (a) to (h), exhibit the first order resonance of this CNT system. Fundamental 

















































































Fig 4. 11 The amplitude-frequency curve of the CNT resonator acquired according to the data 
points along the forward process. This fundamental resonance is a typical Lorentzian shape 
centered at f=109.606 KHz and the quality factor Q is 9743 for this nanotube resonator. Errors 
arise from both the digital resolution of the CRT screen for imaging acquisition and the 
measurement directly on these acquired images.  In the following parts of this thesis, this criterion 











4.4.1.2 Backward process and sub-resonance peaks observed 
 
When frequencies are further increased by even a small addition (a few kilohertz) after 
the first resonance peak, which is the natural resonance of the CNT system observed, 
the amplitude of oscillation drops dramatically. No more resonance peaks are observed 
with increasing the frequency further and hence the actuating frequency is decreased 
backwards. Surprisingly, not any resonance peak even at the previous resonant 
frequency can be observed again and the oscillation behavior of this CNT resonator 
seems to be irreversible.  
 
Fig 4. 12 Augmentation of diameter at some sites along the nanotube is observed as indicated by the 
circled black bucky parts, which is attributed to the EBID of amphorous carbon onto the CNT. 
 
Meanwhile, augmentation of diameter at some sites along the nanotube is observed as 
indicated by circles in Fig 4.12. According to previous discussions, these black bulky 
parts are deposition of amorphous carbon layer caused by EBID of hydrocarbon 




existing gas inside the SEM chamber. This CNT resonator might has been “disabled” so 
that it could oscillate at all or some changes in properties of this CNT resonator system 
cause the shift of the resonant frequency of this CNT resonator. 
To verify whether this CNT resonator can still oscillate, the actuating frequency is 
maintained at a value of 109.202 KHz which is around the previous resonant frequency 
while the amplitude of dc bias is varied. The corresponding amplitude-dc bias curve is 
obtained as shown in Fig 4.13.  


























Fig 4. 13 The amplitude of oscillation-dc bias curve obtained for f=109.202 KHz, with dc bias from 5 
V to 9.5 V.  Amplitude peaks when dc bias is 7.6 V. 
 




With actuating frequency adjusted around the previous resonant value, the amplitude of 
oscillation of this CNT peaks when dc bias is 7.6 V, rather than the previous 5 V. This 
implies that this CNT resonator still survives after EBID contamination while the 
properties of this CNT system have definitely been altered. 
Since this CNT can still oscillate, the dc bias is set back to 5 V and the frequency 
continues to decrease backwards. When frequency is decreased to 108.680 KHz, a 
second resonance peak is observed. From Fig 4.14 which compares the resonance 
amplitudes of both the resonance at 108.680 KHz and 109.606 KHz, darker and thicker 
structure appears when f=108.680 KHz while no obvious discrepancies at first glance 
can be distinguished between the amplitudes for both occasions. 
 
Fig 4. 14 Comparison between the resonance amplitudes for f=109.606 KHz in forward process and 
f=108.680 KHz in backward process. Darker and thicker structure appearing in (a) indicates EBID 
of carbonaceous substances.  
 
After measurement, the amplitude-frequency curve depicting Fig 4.14 is shown below 
in Fig 4.15a. In Fig 4.15a, the widening of the resonance peak can be observed in the 
resonance in backward process compared to the one in forward process. This indicates 




the decrease in quality factor and hence the deterioration of “quality” of this CNT 
system. Besides, the amplitude for resonance peak in backward process is also a bit 
smaller than the one for natural resonance peak in forward process. This fact also 
indicates that this CNT cantilever has been degraded along the whole process suffered.  
When frequencies are further decreased, more sub-resonance peaks are observed and 
the corresponding amplitude-frequecny curves are obtained as shown in Fig 4.15b and c. 




























Fig 4. 15 Amplitude-frequency curves observed for forward and backward processes. (a) 
Amplitude-frequency curve comparing the natural resonance peak in the forward process and the 
first resonance peak observed in the backward process . Widening of the resonance peak in 
backward process indicates the decrease of qualify factor of the CNT cantilever compared to 
resonance peak in forward process.  
 































 (b) With frequency further decreased, the second main resonance peak in the backward process is 


















































4.4.1.3 Integrated mapping of electrically induced mechanical resonance 
 
To better investigate and understand the behavior of this CNT resonator in both the 
forward and backward processes, the full mapping of electrically induced mechanical 
resonance is achieved by integrating Fig 4.15a, b and c as shown in Fig 4.16. 
 
Fig 4. 16 Integrated mapping of electrically induced mechanical resonance. Peak 1 (red), 2, 3 and 4 
(black) are observed successively. 
 
Interesting and significative information can be observed and derived from Fig 4.16. 
First of all, with the progressing of this experiment, the amplitude value of resonance 
peak decreases monotonously from peak 1 to peak 4 with the decrease of the actuating 




frequency. Secondly, the width of resonance peak increases monotonously from peak 1 
to peak 4 with the decrease of the actuating frequency. Thirdly, as indicated by the 
green circles in Fig 4.16, within the region between peak 1 and peak 3, the amplitude 
values along the forward process curve are always larger than the amplitude values of 
corresponding frequencies along the backward process curve, except within the 
confined region near the vicinity of peak 2. However, within the region from adjacency 
of peak 3 to the origin point, all the amplitude values on the backward process curve are 
larger than the corresponding values on the forward process curve. Finally, when 
frequency is adjusted back to zero again, the amplitude of the oscillation or the diameter 
of this CNT has been dramatically aggrandized compared to the initial value before this 
experiment started. The above observations will be investigated and analyzed in details 
in Chapter 5.  
 
4.4.1.4 Effect of dc bias on oscillation 
 
The fact that dc bias also affects the oscillation of the CNT resonator, specifically, 
enhances the oscillation at some specific values has been demonstrated in previous 
sections of this chapter. To verify the enhancement of resonance induced by dc bias, 
control experiments varying the dc bias applied at some selected frequencies have been 
conducted. The selected frequencies are 88.417 KHz and 109.202 KHz, at which no 
obvious oscillations are observed, which can also be seen from Fig 4.16. The 
corresponding amplitude-dc bias curves are obtained as shown in Fig 4.17. 




In Fig 4.17a where f=88.417 KHz, the resonance peaks when dc bias is 6.7 V while in 
Fig 4.17b where f=105.202 KHz, the resonance peaked when dc bias is 7.6 V; both are 
not the initially set value of 5 V. Further discussions will also be provided in Chapter 5. 
 




























































Fig 4. 17 Effect of dc bias on oscillation of CNT system (a) f=88.417 KHz, resonance peaks when dc 
bias is 6.7 V.  (b) f=109.202 KHz, resonance peaked when dc bias is 7.6 V. 
 
4.4.2 Observation and characterization of samples in TEM 
 
The measurements of CNT cantilever under investigation obtained from SEM 
characterization can only provide rough estimation and reveal nothing further about the 
nanostructures of the CNT. It is usually difficult to analyze CNTs using SEM due to 
insufficient resolution and lack of detailed information regarding the nanostructures. 
High electron beam energy around 10 kV or above is needed for better resolution. 




Nevertheless high beam energies can cause worse hydrocarbon contamination onto the 
CNTs investigated, therefore rendering the CNTs appear thicker and darker than the 
original ones. The contamination is even worse when samples are viewed at high 
magnifications above 20,000 times in SEM. Moreover, images acquired in SEM will 
give an inaccurate measurement of important structural parameters of CNTs such as the 
inner and outer diameters, which are of crucial importance for the subsequent analysis.  
TEM is a powerful tool for characterizing the atomic-scale structures of solid state 
materials. A modern TEM is so versatile that it can provide a real-space resolution 
better than 0.2 nm and also give a quantitative chemical and electronic analysis from a 
region as small as 1 nm [66]  . It is feasible to receive a full structure characterization 
from TEM. In order to study the properties and structure of individual CNT and 
understand the property-structure relationship, TEM characterization is indispensable in 
this project and subsequent analysis. 
 
4.4.2.1 Preparation procedures 
 
In order for TEM characterization to be carried out, very thin tungsten wires with 
diameters around 100 µm are used as substrates for CNTs growth. The tungsten tips 
with CVD grown CNTs are then mounted onto a copper TEM sample holder using 
silver paint and inspected in SEM before subsequent TEM observation. Quick 
inspection in SEM is to ensure that the tungsten wire mounted possesses enough CNTs 
as candidates for characterization in TEM as it usually takes a long period to finish 
pumping down in TEM. 




One challenge in TEM sample preparation is mounting the tungsten tip onto the copper 
TEM sample holder. The holder is extremely small and the tungsten tip has to be 
trimmed short in order to fit the small geometry of the holder. This trimming process 
also requires estimation of the location where CNTs are dense; hence extra precaution is 
needed not to cut away the wrong section. The brittleness of the tungsten tip after 
growing CNTs is also problematic. 
 
4.4.2.2 Results in TEM 
 
The growth parameters for MWNTs investigated previously as CNT-cantilevers in this 
chapter are shown in Table 4.1, which are determined and adopted according to the 
discussion conducted in Chapter 3.  





































The observation and characterization results in TEM are shown in Fig 4.18. These TEM 
images confirm that CNT structures are formed because the inner part of these 
structures is hollow and there are visually distinguishable boundaries indicating the 
number of walls (graphene shells) of these CNTs. 







Fig 4. 18 TEM images of catalytic CVD grown MWNTs. (a) CNTs with average diameters of 10nm. 
(b) (c) CNTs with diameter about 10nm (d) MWNT with outer diameter around 25nm and 22 
graphene shells (walls). 
 
These TEM images exhibit CNTs with diameters around 10 to 20 nm. As compared to 
images of these CNTs acquired in SEM, these diameter values are much smaller and 




more accurate. Most of the CNTs suffer the carbon contaminations found on the outer 
shell of CNTs as clearly observed in Fig 4.18b and c. Fig 4.18d indicates a MWNT 
clearly and the number of the walls is counted as 22. This particular CNT is investigated 
as the cantilever in previous sections and further detailed analysis of this CNT-




Free standing cantilevered CNT resonator is fabricated with the aid of nanomanipulator 
and SEM. Electrical actuation and in situ harmonic detection of electrically induced 
mechanical resonance of single MWNT cantilever is conducted in this chapter. In situ 
investigation of performance of cantilevered CNT resonator prototype under DC and 
AC bias in SEM is carried out. Continuous redshift in resonant frequency and 
broadening of resonance peak of this NEMS resonator under electron beam in SEM is 
observed. The structural parameters of the CNT under investigation are attained in TEM. 
The experimental results achieved in this chapter pave the way for further analysis of 
performance of the CNT resonator and evaluation of the feasibility of CNT resonator as 
ultrasensitive mass sensor in Chapter 5. 










In this chapter a quantitative model for describing the specific actuation method and 
theoretical output signal of the CNT resonator motion introduced in Chapter 4 is 
presented first (section 5.2). Pragmatic considerations based on this theoretical model 
help determine and choose these methods rather than others. 
Carbon nanotube possesses the hollow structure and hence it should be natural using a 
hollow tube model to describe the CNT resonator. An analysis of the measurement 
results attained in Chapter 4 of the CNT resonator device is provided afterwards. First, 
important parameters such as bending modulus which describe and characterize CNT 
resonator and its performances is calculated using the hollow tube model and compared 
with both the theoretically values predicted and experimental results reported (section 
5.3). Possible mechanisms and reasons for discrepancies between the experimentally 
calculated and theoretical values are then discussed further. An interesting and 
insightful phenomenon observed during the experiment is the continuous redshift in 
resonant frequency and broadening of resonance peak of this NEMS resonator. This 
variation is attributed to the consecutive deposition of carbonaceous substances onto the 
resonator. Discussion of the relationship between carbon contamination, or the loaded 
mass, and resonant frequency shift using classical theorem has also been conducted.  




Based on the discussions in section 5.3, the capability and feasibility of CNT resonator 
acting as ultrasensitive mass sensor is examined and discussed in details in section 5.4. 
An evaluation and appraisal of the performance of CNT resonator under investigation 
and the feasibility of catalytic CVD grown CNT as building blocks for NEMS as well 
as potential applications are then concluded and proposed at the end of this chapter 
(section 5.5). 
 
5.2 Model for actuation and theoretical values of output signal 
 
The motion of CNT is actuated through the electrostatic interaction via the 
configurations described in Chapter 4 which recurs and has been modified into 
equivalent circuit as shown in Fig 5.1. 
 
(a) 






Fig 5. 1 Schematic of experimental setup and equivalent circuit for actuation of CNT motion (a) 
Experimental setup for actuation as shown in Chapter 4 (b) In this equivalent circuit, the CNT is 
not aligned parallel to the counter electrode as depicted here; it is still aligned axially with the 
counter electrode.  
 
A dc voltage Vd induces the additional charge on the CNT tip given by q = CdVd, where 
Cd is the capacitance between the tip of CNT and the counter electrode. The attraction 
between charge q and its opposite charge -q on the counter electrode causes an 
electrostatic force outwards along the CNT. If C′d = dCd/dz is the derivative of the gate 
capacitance with respect to the distance between the tip of the tube and the counter 
electrode, the total electrostatic force on the tube is 
21
2
el d dcF C V      (5.1) 






V V V t 

    (5.2) 
The total electrostatic force on the tube is 







el d dc dc acF C V V V     (5.3) 
where the term proportional to 
2
acV has been neglected for the purpose of fundamental 
demonstration of nanotube oscillator prototype.   
Here elF has two parts: the dc term controlled by the dc voltage dcV and the ac term 




el d dcF C V      (5.4) 
~
el d dc acF C V V      (5.5) 
The dc term is used to control the resonator tension, and the ac term sets the resonator 
into motion. As the driving frequency ω approaches the resonance frequency ω0 of the 
CNT resonator, the displacements of the tip of the resonator become larger and larger. 
Although directly visual observation to determine the motion of NEMS resonator is 
utilized in the experiments, a fully electrically controlled detection method is highly 
advantageous for any possible future applications and research such as detecting the 
motion of the nanotube on resonance. A model for predicting and evaluating the 
possible output signals produced by the motion of the NEMS resonator is provided as 
follows first.  
As is extracted from Fig 5.1b, the output signal is contributed mostly by the induced 
capacitive current. To calculate and evaluate this current, the circuit shown in Fig 5.1b 
is further simplified mathematically as seen in Fig 5.2. 




The hemline of the triangle in Fig 5.2 identifies the trace of tip of the investigated 
nanotube during oscillation. Some approximations have been made here since this trace 
in reality is an arc rather than the straight line shown in Fig 5.2. However, as shown in 
Fig 4.10, the maximum amplitude for oscillation is only around 1µm while the length of 
the nanotube under investigation is around 34 µm, which indicates that the central angle 
corresponding to this arc is roughly 1.69
o
. Therefore, for convenience of calculation and 
proof-of-concept, this arc is replaced with a straight line.   
 
Fig 5. 2 Schematic of mathematical model for calculation of potential electrically output signal 
 
Point B is the initial position of the nanotube tip. The displacement of each point on the 
trace from the initial position can be expressed as 








   is the modified magnitude of the motion of nanotube tip. 
2 f  represents the angular velocity of the oscillation when nanotube oscillates at 
B 




the driving frequency while f is the frequency of ac bias in the actuation supply.  The 
distance between the tips of nanotube and the counter electrode is thus expressed as 
                                                     2 21 ( sin )d d A t       (5.7) 





 , the capacitance Cd between the tips of 
nanotube and the counter electrode is obtained as 
            
2 2









                  (5.8) 
Therefore the induced capacitive current is obtained and expressed as 
 
2 2





dt V dt V dt


                    (5.9) 
where Q represents the induced charge on the tip of nanotube resonator.  


































































































Fig 5. 3 Calculated capacitance between tips of CNT and counter electrode and output signal 
according to models in Fig 5.1 and Fig 5.2 at resonance of CNT resonator (a) Capacitance Cd (b) 
Capacitive current  induced by changes in Cd between tips of CNT and counter electrode (c) First 
order derivative of capacitive current. f is 109.606 KHz. 
 
Focus is placed on the resonance for the calculation, where the actuating frequency f is 
109.606 KHz. Change of capacitance between tips of nanotube and counter electrode 
and the output capacitive current as well as the first order derivative of capacitive 
current in time domains are obtained as shown in Fig 5.3. 
The capacitance between tips of nanotube and counter electrode varies in the quasi-
sinusoidal form versus time while the induced capacitive current exhibits obliquely 
distorted sinusoidal characteristic.  Insightful information obtained from Fig 5. 3 are 
that the extremely small levels of both the capacitance and the induced current. The 
c 




calculated capacitance is below 10
-18
F, which renders the capacitive detection 
complicated by the presence of parasitic capacitances that are several orders of 
magnitude larger. This challenge is usually overcome by the use of balanced bridge 
techniques or by placing an amplifier, such as, for example, a single electron transistor 
[9]  , in close proximity to the resonator. However, this will inextricably result in 
complicity in both fabrication and characterization. Besides, the low-temperature 
requirement for performing the above amplification limits its utilization in the 
experiment. 
The induced capacitive current is also inevitably small and ensnared within the sub- 
picoampere region, where noise becomes a real nightmare. The internal impedances of 
the measuring instrument or circuit become extremely critical to ensure an accurate 
measurement of such a weak current. Noises in acoustic, thermal or even 
electrochemical forms can contribute great undesirable errors and fluctuations in 
measurement. 
To avoid the inaccuracies in measurement and complexities in experimental setup as 
well as to investigate the feasibility of CNT as NEMS resonator with high sensitivity, 
directly visual observation in SEM and TEM is adopted as demonstrated in Chapter 4 
instead. 
5.3 Characterizing resonance of the CNT resonator  
 
In the linear regime of operation, when the displacement of the vibrating element is 
small, mechanical structure can be approximated as a simple harmonic oscillator. It has 
been shown by molecular dynamics simulations [67]  , [68]   that such calculations 




continue to be valid as the sizes of the structures shrink down to several tens of lattice 
constants in cross section. Therefore, despite the extremely small dimensions and ultra-
high aspect ratio of CNT, the classical continuum mechanics method has been applied 
to analyze the dynamic responses of CNT resonator to provide with elementary 
theoretical analysis and predication. Above the critical displacement of the mechanical 
structure various types of nonlinearities in the restoring force of the system become 
increasingly important. These nonlinearities can be caused by the elongation of the 
beam, imperfect clamping, or some kind of force gradient present in the system. This 
behavior of mechanical resonators is very useful for certain applications, such as 
memory [69]   and signal processing [70]  . These nonlinear behaviors known as 
Duffing oscillator will not be covered in this thesis. 
Based on the Euler-Bernoulli beam model [71]  , it is well known that the equation of 
motion of a free vibration beam in the limit of small amplitude (linear region) is 











                 (5.10) 
where E is the bending modulus, I is the moment of inertia, A is the cross-sectional area, 
and ρ is the density of the beam material. 
The natural mechanical resonant frequency is induced in a cantilevered CNT when the 
applied frequency approaches the resonant frequency. Theoretically, the resonant 
frequency depends on the nanotube outer diameter, inner diameter, length, density, and 
bending modulus of the nanotube [72]  as expressed by 
















      (5.11) 
where 1 1.875  for calculation of first harmonics of the cantilever. 
From the SEM and TEM images of the CNT resonator investigated in this project as 
shown in Fig 5.4, length, inner diameter and outer diameter of this CNT resonator are 
measured as 34.37 µm, 10.73 nm and 26.54 nm respectively. If the commonly 
recognized values [73]   for bending modulus (1.8TPa) and density of MWNTs (1.35 
g/cm
3
) are adopted, the resonant frequency for this CNT resonator is obtained 
as 123.779f KHz . 
 
Fig 5. 4 TEM and SEM images indicating the structural parameters for CNT resonator. Inner and 
outer diameters of this CNT are measured as 10.73 nm and 26.54 nm from the inset TEM image. 
Length of this CNT is obtained as 34.37 µm from SEM image. 
 
This calculated value tallies with the experimental result 109.606 KHz obtained in 
Chapter 4 quiet well. However, this calculated value and the experimental result are 




both much smaller than either conventionally predicated values which could reach as 
high as in the gigahertz range [74]  or the reported experimental value around 700 KHz 
[75]  . The main reason for these huge discrepancies lies mainly in the length of 
nanotube. In this experiment, the length of nanotube cantilever is 34.37 µm, which is 
quite a long tube, while the length in C.H.Ke’s [74]  theoretical analysis is smaller than 
1 µm and the length in Nishio’s experiment [75]  is also around 1µm only.  
Moreover, the observed result is also smaller than the calculated value with an 11.4% 
deviation. This can be explained by the EBID deposition of carbonaceous substance 
onto the nanotube, which will also be investigated further in later sections where this 
deviation between the calculated first harmonics and the experimentally observed one 
will be reviewed. The defective structure of CNT suffering through CVD growth might 
also contribute to the smaller resonant frequency observed. 
Similarly, the bending modulus for CNT resonator has also been extracted by replacing 
if with the experimental value 109.606 KHz in Equation 5.11. The resultant bending 
modulus is thus obtained as 1.41E TPa . This calculated bending modulus value shows 
that the CNT obtained in this experiment is much stronger than steel, which averagely 
possesses a value of 200GPa for bending modulus, and even eclipses the diamond. The 
above experimentally extracted bending modulus value is also consistent with the 
reported experimental results [49]   albeit a bit smaller than the previously used value 
(1.8TPa). 
As the case stands and demonstrated above, determining the elastic properties, mainly 
the bending modulus, of CNTs has been one of the most hotly disputed areas of 




nanotube study in recent years. On the whole, CNTs, particularly SWNTs, are stiffer 
than steel and are resistant to damage from physical forces. Pressing on the tip of the 
nanotube will cause it to bend without damaging tip or the whole CNT. When the force 
is removed, the tip of the nanotube will recover to its original state [66]  . Quantifying 
these effects, however, is rather difficult and an exact numerical value of bending 
modulus could hardly be agreed upon. 
The previous evidence would lead us to assume that the diameter and shape of the 
nanotube are the determining factors for its elastic modulus and the bending moduli of 
the MWNTs are measured as a function of their diameters (outer) [66]  . A decrease in 
bending modulus as the increase of the tube diameter is attributed to the wrinkling 
effect of the wall of the nanotube during small bending. However, when working with 
different MWNTs, Forró et al. [76]  noted that their modulus measurements of MWNTs 
in 1999 did not strongly depend on the diameter. Instead, they argued that the modulus 
of MWNTs correlates to the amount of disorder or defect in the structure of nanotube 
walls. From previous chapters of this thesis, a high density of defects have been found 
in CNTs produced by pyrolysis CVD process in the experiment, which are mainly 
induced by the introduction of pentagonal and heptagonal carbon-rings, while in 
theoretically ideal structure of CNTs only hexagonal carbon-rings exist. To understand 
the structure-properties relationship, the TEM results of CVD grown CNTs have been 
investigated and compared with those of the commercial CNTs.  





Fig 5. 5 Structures of CVD grown CNT and commercial arc-discharge CNT. (a) The compartment 
layers in the inner core of the CNT separate the hollow regions (b) Commercial arc-discharge 
grown CNT (c) Wavy graphitic walls (d) Entangled CNTs. (a), (c) and (d) are thermal CVD grown 
CNTs while (b) is the commercial arc-discharge CNT. 
 
In Fig 5.5a bamboo-like structure in these CVD grown carbon nanotubes have also been 
observed, which is very different from those produced by arc-discharge (Fig 5.5b). The 
walls of CVD grown CNTs appear to be wavy (Fig 5.5c) which suggests they are not 
perfect graphitic networks but only possess short-range graphitic order. The defects on 
the graphitic walls induce bending of the carbon nanotube walls, which might cause the 
decrease of bending modulus and hence the worse elastical performance. These wavy 




graphitic walls contain a high density of point defects because of the introduction of 
pentagons and/or heptagons as mentioned previously.  
The geometrical shape makes significant contribution to the measured bending modulus, 
which is different from Young’s modulus. However, with the decrease in nanotube 
diameter, the bending modulus approaches the Young’s modulus. Young’s modulus is 
another important quantity defined to characterize the interatomic interaction force [66]   
and is the double differentia of the bonding energy curve between the two atoms. This 
indicates that Young’s modulus is an intrinsic property at the atomic level and is thus 
independent of the sample geometry. For the CNT resonator case investigated in the 
experiments, the bending of the CNT is determined not only by the intrinsic Young’s 
modulus but also by the geometrical shape of the CNT, such as the wall thickness and 
tube diameter. The value extracted previously by in-situ SEM experiments is the 
bending modulus. 
From the integrated mapping of electrically induced mechanical resonance of CNT 
resonator attained in Chapter 4 as shown in Fig 5.6, insightful information which could 
help describe and characterize the CNT resonator and its performances have been 
acquired. Fig 5.6a, which is the integrated mapping of resonance of CNT resonator 
during the experiment, illustrates an obvious trend of decline in the amplitude of 
resonance with a broadening of corresponding resonance peak, which is characterized 
by FWHM, full width at half maximum. Fig 5.6b, c, d and e represent the resonance 
peak 1, 2, 3 and 4 respectively. The variations in both amplitude and FWHM of the 
oscillation are attributed to the EBID of carbonaceous substance onto the nanotube. The 
electron beam used for imaging in SEM interacts with the CNT and even damages it 




both structurally and electrically. Although the above facts are disadvantages of directly 
investigating and characterizing vibration of CNT resonator in SEM and TEM, this 
phenomenon does help us study and fathom some potential applications of CNT 
resonator such as ultra-sensitive mass sensors for sensing extremely small mass changes.  
 
 



































































































































































































Fig 5. 6 Mapping of electrically induced mechanical resonance of CNT resonator (a) Full mapping 
of oscillation amplitude of CNT cantilever versus frequency. Peak 1, 2, 3 and 4 are observed 
successively.  Zoomed-in curves indicate peak 1, 2, 3 and 4 are shown in (b), (c), (d) and (e) 
respectively. 
 
Table 5.1 illustrates the resonant frequency corresponding to resonance peak 1, 2, 3 and 
4 obtained from Fig 5.6, and bending modulus and quality factor of the CNT resonator 
system corresponding to each peak calculated using Equation 5.11. The density, inner 
diameter, outer diameter and the length of this CNT resonator obtained in Fig 5.4 
e 




remain the same for each resonance peak despite the contamination caused by EBID of 
amorphous carbon. 
Table 5. 1 Parameters characterizing resonance of CNT system 
 Peak 1 Peak 2 Peak 3 Peak 4 
Resonant frequency 109.606KHz 108.680KHz 79.880KHz 59.073KHz 
Bending modulus 1.41TPa 1.39TPa 0.75TPa 0.41TPa 
Quality factor 9743 7728 132 65 
∆f 11Hz 14Hz 604Hz 906Hz 
 
As a matter of fact, from results obtained in Table 5.1 and Fig 5.7, the effective 
vibrating element during the experiment is found to be consisted of both the CNT itself, 
which is the principal constant part, and the increasingly added carbonaceous substance, 
indicated in Fig 5.7 as the dark parts, which means the characterization an analysis deal 
with the CNT-added carbon system rather than the pristine CNT before the experiment. 
The results in Table 5.1 also indicate that the contamination does not deposit at the 
irradiated tip in the real experimental scenario, but also along the rest part of the CNT. 
With the decrease in resonant frequency, bending modulus of the nanotube resonator 
system keeps decreasing as shown in Table 5.1. Although the value of bending modulus 
for system at peak 4 has fallen to almost one-third of the value for system at peak 1, the 
resonator system preserves toughness which is still almost twice that of the steel. 
Quality factor (Q), the ratio of the energy stored in the resonator to the energy loss per 
cycle due to damping, is one of the most important parameters characterizing a 
resonator. The inverse of the quality factor describes the relative energy loss per cycle 




and characterizes the degree of loss in a resonator. Maximizing Q or minimizing the 
energy loss per cycle is thus important for most applications. Expression Q=f/∆f is used 
to calculate the quality factor in Table 5.1, where f and ∆f represent the resonant 
frequency and bandwidth which is the width of the range of frequencies for which the 
corresponding amplitude is at half of its peak value. 
 
Fig 5. 7 Added carbonaceous substances caused by EBID during electron scanning, indicated as the 
black bulky part along the CNT. 
 
The quality factor of this resonator decreases dramatically from peak 1 and peak 2 to 
peak 3 and peak 4, qualitatively speaking, which means the performance of this 
resonator gets worse and worse. The resultant smaller degree of internal dissipation 
when system operates at peak 1 and peak 2 thus imparts to CNT resonator low 
operating power levels and high attainable sensitivities. It is also important to note that 
large Q does imply a reduction of bandwidth, which can be seen from the broadening of 




resonance peaks which are quantified and compared by f in Table 5.1. From peak 1 to 
peak 4, the value of f increases from 11 Hz, which is keen-edged, to 906 Hz, which 
amounts to almost 1 KHz. The extremely sharp peak around natural resonant frequency 
of this CNT resonator seems to be deleterious to performance of the potential NEMS 
devices.  
 As the devices keep being miniaturized, their respective Qs decrease with the surface-
to-volume ratio. This phenomenon has been attributed to losses associated with 
dissipation at surfaces, giving promise for high quality factors from well-terminated 
structures such as CNTs [6]  . Quality factors for the CNT resonator obtained in Table 
5.1 at the initial stage (peak 1 and 2) of the experiment are consistent with the typical Q 
range for NEMS predicated, around 10,000-100,000 [77]  .  
 
5.4 Ultra-sensitive mass sensor  
 
As need for rapid, ultrasensitive, and economical detection for biochemical entities like 
virus particles becomes ever more important, nanoscale fabrication techniques are 
increasingly being used to create nanomechanical sensors and highly sensitive lab-on-a-
chip. With the extremely small dimensions and extraordinary properties such as high 
stiffness and resonant frequency which have already been demonstrated in previous 
sections, CNT becomes a promising candidate for building block of ultra-sensitive 
sensing applications such as mass sensor, biomolecule and species sensor. The 




capability and feasibility of CNT resonator in the experiment acting as ultra-sensitive 
mass sensor are examined in this section.  







       (5.12) 
where k is the spring constant and
*m the effective mass of the cantilever system. In the 
experiment,
*
CNT Cm m m  , where Cm is the added mass of carbonaceous substances 
induced by EBID. If the carbonaceous substances deposited onto the CNT system 
before the first resonance peak is ignored, or CNT system at the first resonance peak is 
treated as the pristine CNT reference, the mass of the system at first resonance peak, 
which will be also used as the reference for subsequent calculation, is calculated as 
20.83 attogram according to Table 5.1 and Equation 5.12. As shown in Equation 5.12, 
if the spring constant of the cantilever system remains constant, or the changes in spring 
constant, k , are negligible during the experiment, the resonant frequency shifts is 
mainly affected by the deposition mass, which increases as the deposition time 
increases. As observed in Fig 5.7, it is reasonable to assume that the added mass locates 
at the free end of the CNT cantilever for this is the investigated region scanned by 
electron beam. Therefore, the change in mass in relation to the change in resonant 
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where 0f is the initial resonant frequency, and 1f is the resonant frequency after the mass 











 , or  
and ir  are the outer and inner radii of the nanotube, respectively. Thus the spring 
constant is obtained in the following expression 
4 4
3
3 ( )o iE r rk
L
 
                (5.13) 
If the cantilever beams is calibrated by obtaining its spring constant, k, using the 
unloaded resonant frequency measurement f , quality factor Q and bending modulus of 
the cantilever beam, with the values for or , ir , E and L are 13.27nm, 5.365nm, 1.41TPa 
and 34.37µm respectively, as obtained in previous sections, the resultant spring constant 
k  is -69.878 10  N/m. Table 5.2 illustrates the added mass and hence the mass sensitivity 
for the nanotube system at the time corresponding to peak 2, 3 and 4 respectively, 
where 0 109.606f KHz . 
Table 5. 2 Added mass and mass sensitivity for peak 1, 2, 3 and 4 
-181attogram=10 gram
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Fabulous performance of the investigated CNT resonator as ultra-sensitive mass sensor 
has been demonstrated from Table 5.2. The measured added mass to the nanotube 
cantilever when this cantilever system reaches the state of peak 2, peak 3 and peak 4 are 
0.357 attogram, 18.38 attogram and 50.88 attogram respectively. This attogram-
sensing capability of CNT resonator enables its potential utilization for sensing even a 
single small virus, usually with the mass around a few attogram. Besides, the measured 
mass sensitivity for the CNT resonator is also outstanding. With an added mass to the 
resonator as small as 1 attogram, the resultant output will demonstrate a frequency shift 
in the kilohertz range. However, doubts regarding the added mass and mass sensitivity 
for system at peak 2 might be raised for the frequency shift shown at peak 2 is be big 
enough to be reasonably distinguishable; hence the resultant extremely small added 
mass and high mass sensitivity might not hold. Nevertheless, even considering peak 3 
and peak 4 only, where the frequency shifts relative to peak 1 are large enough for 
distinguishing and measuring reliably, the performances are still extraordinary and 
excel the reported mass sensitivity of only 6.3 Hz/attogram [78]  , where silicon-based 
NEMS resonator is investigated. Once integrated with on-chip antibody-based 
recognition and sample concentrators, this kind of CNT resonators may prove to be 
viable candidates for ultrasensitive detection of virus particles. 
In the above discussion, the spring constant k  is assumed invariable or the change in 
spring constant, k , is negligible. Moreover, the absorption of carbonaceous substance 




is assumed to locate at the free end of the cantilever which minimizes the change in 
static deflection due to absorption. Nevertheless, obtained from Equation 5.12, changes 
in resonance frequency can result from either mass change or variation in k . The overall 
changes in resonance frequency are the result of competition between effects of 
variations in mass and spring constant: when the effect of increase in spring constant 
dominates, resonance frequency increases; when the effect of increase in system mass 
dominates, resonance frequency decreases, which has been observed in the experiments. 
In some cases it can also be possible that changes in adsorbed mass exactly balance 
changes in spring constant, thus resulting in negligible change in resonance frequency. 
From Table 5.1 variations in spring constant of this nanotube system are observed 
obviously, which renders the previous assumption of constant spring constant 
questionable. Adsorption-induced surface stress affects the spring constant of this CNT 
cantilever. When molecules (such as the amorphous carbon here in this experiment) 
adsorb on a cantilever surface, the resonance frequency of the cantilever changes due to 
mass loading. In addition to resonance frequency change, deflection (bending) may 
change due to adsorption-induced differential surface stress, δs. This differential surface 
stress (δs=s1 - s2, where s1 and s2 are the induced stresses on the top and bottom surface 
of the cantilever) can be large if the adsorption on one face of the cantilever is different 
from the other, resulting in measurable bending. 
By designing cantilevers with localized adsorption areas at the terminal end of the 
cantilever (end loading), the contribution from differential surface stress can be 
minimized and changes in resonance frequency can be entirely attributed to mass 




loading. Thus, it appears that four general conditions can arise due to adsorption of 
molecules on a cantilever: 
(1) Adsorption-induced changes in spring constant can be negligible-change in 
resonance frequency is entirely the result of mass loading. 
(2) Changes in resonance frequency due to mass loading may be negligible, but change 
in static deflection due to adsorption is readily observable-differential surface stress on 
the cantilever is high. 
(3) Adsorption-induced change in spring constant is large enough to change the 
resonance frequency-resonance frequency is controlled by change in spring constant 
while the contribution of mass loading is negligible. 
(4) Change in resonance frequency is a combination of effects from mass loading and 
variation in spring constant. 
Although the adsorption of carbon molecules in the vicinity of the tip has been observed 
most obviously, the adsorption (or contamination) along the entire CNT cannot be 
ignored without discrimination. 










                 (5.14) 
by taking the above consideration into account and considering change in resonance 
frequency as a combination of effects from both mass loading and variation in spring 
constant. In most cases, as a matter of fact, changes in k  and m  due to adsorption are 




very small and hence the resonance frequency after adsorption is approximated by 
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where 0f  is the resonant frequency before adsorption. This expression holds as long as 
k k   and m m   so the high-order terms are ignored. m  is the unloaded mass of 
the CNT resonator system before adsorption, which is identified at peak 1 using Eq. (1).  
Table 5.3 illustrates the added mass to and the mass sensitivity for this nanotube 
resonator system after utilizing Equation 5.15. Comparing Table 5.3 with Table 5.1, the 
added mass for peak 4 is found to be larger in Table 5.1 than in Table 5.3 and hence the 
corresponding mass sensitivity is smaller in Table 5.1. 
Table 5. 3 Added mass and mass sensitivity of CNT resonator considering loaded mass and 
variational spring constant 
-181attogram=10 gram  Peak 1 Peak 2 Peak 3 Peak 4 
Resonant frequency 109.606KHz 108.680KHz 79.880KHz 59.073KHz 
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 obtained in Table 5.3, variations in spring constant are found to 
play more important roles in affecting the resonant frequency of this CNT resonator 
system as the experiment continues. At peak 4, consequentially, neglect of the changes 
in spring constant yields overestimation of the added mass and the underestimation of 
the mass sensitivity as obtained in Table 5.1. However, the assumption k k   and 
m m   are not valid at both peak 3 and peak 4 in Table 5.3, which hence lends litter 
credibility to the calculation of added mass and mass sensitivity obtained there. To 
achieve more accurate results, complete series expansions of Equation 5.14 are required. 
















    (5.16) 
Since the assumption k k   and m m   is valid for peak 2, the results obtained for 
peak 2 in Table 5.3 describe the performance of resonator in reality quite well while the 
results for peak 2 in Table 5.2 only deviate from the real cases with a small difference 
since the quantities of changes in both the mass and the spring constant are very small.  
Replacing m  in Table 5.3 with Equation 5.16, loaded mass and mass sensitivity of 
CNT resonator considering loaded mass and variational spring constant are obtained in 
Table 5.4. The results attained in Table 5.4 are based on the assumption that the CNT 
system at resonance peak 1 is the pristine CNT; nevertheless, the EBID of carbonaceous 




substances onto the CNT exists as long as the electron beam is on, which means the 
calculated mass 20.83 attogram for the CNT system at resonance peak 1 is actually the 
sum of mass of CNT and the added carbonaceous substance till that moment. The ∆m-t 







Table 5. 4 Loaded mass and mass sensitivity of CNT resonator considering loaded mass and 
variational spring constant 
-181attogram=10 gram  Peak 1 Peak 2 Peak 3 Peak 4 
Resonant frequency 109.606KHz 108.680KHz 79.880KHz 59.073KHz 
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According to Fig 5.8, a linear relationship between the added mass and time both 
referred to the first resonance peak is revealed and hence it is reasonable to assume that 
this relationship holds for the added mass and time before the first resonance peak 
observed as well. Therefore, the mass for pristine CNT is extracted in Fig 5.9, which 
plots the effective mass of CNT system versus time.  
The observed four resonance peaks correspond to the time 10, 11, 44 and 57 minutes 
respectively. The mass for pristine CNT before the experiment is thus extracted as the 
interception value on Y axis when time equals to 0 minute on the first order fitting line. 





































 Linear fitting curve
Fig 5. 8 ∆m-t curve reveals a linear relationship between the added mass referred to the first 
resonance peak and time, the time corresponding to each peak is recorded in the experiment.  
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Fig 5. 9 Effective mass of CNT system versus time. The mass for pristine CNT is extracted by 
intercepting the first order fitting line onto the Y axis and the value is 15.54 attogram for this CNT. 
Time values for observed four resonance peaks are 10, 11, 44 and 57 minutes respectively.  
 
Using the well recognized bending modulus value (1.8TPa) to calculate the spring 
constant for this pristine CNT and the resultant value is -612.610 10 N/m. Substituting 
extracted mass (15.54 attogram) and the above obtained spring constant for pristine 
CNT into Equation 5.12, the fundamental resonance frequency for this pristine CNT is 
obtained as 143.360 KHz. Therefore Table 5.4 is further revised into Table 5.5 as shown 
below.  
 




Table 5. 5Revised loaded mass and mass sensitivity of CNT resonator using pristine CNT mass. 
-181attogram=10 gram  P-CNT
* 































































































































The above type of measurement and characterization is based on several assumptions. 
First, one end of the nanotube is affixed, and it cannot move or be loose during the 
measurement. Moreover, there is no irreversible structural deformation during the 
oscillation. 
 In any case, the CNT resonator under investigation still exhibits great potential in ultra-
sensitive applications such as virus sensor or mass sensor. The ultrasmall mass sensing 




capability and ultrasensitive mass sensitivity enable the catalytic CVD grown MWNT 
promising candidate for novel sensing applications. 









In the first part of this project, the catalytic CVD growth for synthesizing MWNTs is 
investigated and the effects of various parameters influencing the growth process are 
also discussed. FeCl3 solution provides the essential iron catalyst for the growth of CNT 
in the experiments. With the concentration of catalyst increases, the density of grown 
CNTs increases. When duration of growth is elevated, longer CNTs are observed. One 
undesirable result of longer growth time is the resultant thicker diameters of CNTs. 
While another critical issue of longer growth duration is the deposition of amorphous 
carbon layer. Temperature also acts an important role in CNT growth. When growth 
temperature is low, the yield of CNTs is also low and the distribution density of growth 
is sparse as well. On the other hand, when the growth temperature is too high, the 
morphology and distribution density of the resultant CNTs are also undesirable.  
The second part of this project investigates the fabrication, actuation and detection of 
CNT based resonator. Method for electrical actuation and in situ harmonic detection of 
electrically induced mechanical resonance of single MWNT cantilever is developed for 
the subsequent in situ investigation of performance of cantilevered CNT resonator 
prototype under DC and AC bias in SEM. SEM and TEM enable the great capability for 
characterizing CNT NEMS devices.  




The last part of this project engages in the characterization of accomplished CNT 
resonator and analysis of the experimental results attained. Important parameters which 
describe and characterize CNT resonator are calculated and show that the CVD grown 
CNTs possess superior mechanical properties compared with conventional materials. 
An interesting and insightful phenomenon observed in the experiments is the 
continuous redshift in resonant frequency and broadening of resonance peak of the CNT 
resonator, which inspires the subsequent investigation on the capability and feasibility 
of CNT resonator acting as ultra-sensitive mass sensor. Discussion of the relationship 
between carbon contamination, spring constant of CNT system and resonant frequency 
shift has also been conducted and shows that CNT resonator under investigation 
exhibits sub-attogram sensing capability in the experiments, which holds great potential 
in various applications such as biomolecule and virus sensing.  
 
6.2 Recommendations for future work 
 
Within sixteen years of the discovery of CNTs, the merits of CNTs based sensors have 
shown strong potential to make huge impact in future sensor industry. However, the real 
mass production and utilization of these sensors will not emerge and unfold overnight. 
Various remaining challenges need to be addressed before the full potential of CNTs for 
sensor applications can be realized. 
First, the production of pure and uncontaminated CNT is very costly. There are only 
few companies that produce CNTs for commercial applications. In addition to it, there 
is a lack of detailed understanding and accurate description of growth mechanism of 




CNTs, which results in the incapability of synthesizing CNTs in a desired way. As 
described in previous chapters, the properties of CNTs are vulnerable to the defects 
exhibited in the structures, even the displacement of one carbon atom can result in a 
CNT with totally different properties. As a result, an efficient growth approach to 
synthesize structurally perfect nanotubes at large scales is highly demanded in order to 
realize CNTs based NEMS in the future.  
In addition to the above challenge in the synthesis stage, more advanced detection and 
characterization techniques need to be developed. Despite the simplicity of the in situ 
detection scheme achieved by SEM and TEM in this project, it is hard to extract 
quantitative information about the vibrations of the resonator as the detector should be 
capable of taking images faster then the resonance frequency of the studied structure, 
which might lie in the megahertz or gigahertz range. Moreover, this is a very invasive 
measurement, as discussed in the thesis, which induces the damages to the system under 
investigation and renders the incapability of reusing the CNT devices. And finally, it is 
also impossible to rely on SEM or TEM for various sensing applications in reality, such 
as everyday purposes or industry utilizations. In order to implement the CNTs NEMS in 
real applications, fully-electrical actuation and detection scheme, which can perform the 
ultralow level signal detection, is highly desirable and needs to be developed before any 
real commercial product of CNTs NEMS can be realized. 
Another issue concerning the utilization of CNTs is their toxicity [79]  , [80]  . On the 
basis of their experiments, researchers have suggested that CNTs possess health risks. 
They reasoned that humans can potentially be exposed to CNTs by inhalation because 
unprocessed CNTs are lightweight and, therefore, can become airborne. If CNTs reach 




the lung, they can agglomerate and fill the air passages that may lead to suffocation. 
These reports warrant an in-depth study about the toxicology of CNTs to come up with 
a final conclusion with respect to their acceptance by the human immune system. 
Lastly, the process from proof of concept in the laboratory of the CNTs based devices to 
the commercial market should be expedited greatly as the competition from other novel 
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